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Abstract: Acute respiratory distress syndrome (ARDS) is a life-threatening lung injury characterized by an acute inflammatory
response in the lung parenchyma. Hence, it is considered as the most appropriate clinical syndrome to study pathogenic mechanisms of
lung inflammation. ARDS is associated with increased morbidity and mortality in the intensive care unit (ICU), while no effective
pharmacological treatment exists. It is very important therefore to fully characterize the underlying pathobiology and the related
mechanisms, in order to develop novel therapeutic approaches. In vivo and in vitro models are important pre-clinical tools in
biological and medical research in the mechanistic and pathological understanding of the majority of diseases. In this review, we
will present data from selected experimental models of lung injury/acute lung inflammation, which have been based on clinical
disorders that can lead to the development of ARDS and related inflammatory lung processes in humans, including ventilation-induced
lung injury (VILI), sepsis, ischemia/reperfusion, smoke, acid aspiration, radiation, transfusion-related acute lung injury (TRALI),
influenza, Streptococcus (S.) pneumoniae and coronaviruses infection. Data from the corresponding clinical conditions will also be
presented. The mechanisms related to lung inflammation that will be covered are oxidative stress, neutrophil extracellular traps,
mitogen-activated protein kinase (MAPK) pathways, surfactant, and water and ion channels. Finally, we will present a brief overview
of emerging techniques in the field of omics research that have been applied to ARDS research, encompassing genomics, transcrip-
tomics, proteomics, and metabolomics, which may recognize factors to help stratify ICU patients at risk, predict their prognosis, and
possibly, serve as more specific therapeutic targets.
Keywords: acute respiratory distress syndrome, lung inflammation, mechanisms, biomarkers, omics

Introduction
In vivo and in vitro models have been important pre-clinical scientific tools in biological and medical research in the
mechanistic and pathological understanding of the majority of diseases, as well as in their novel therapeutic approaches.
Although in vitro methods are evolving, they cannot completely replace animal models. In vivo research using animal
models can provide answers to the pathophysiology of the disease in a complex systemic manner, relevant to human
responses.1 The progression of the physiological changes and the host’s responses in lung damage, especially in acute
respiratory distress syndrome (ARDS), evolve over time, and therefore, they should be reproducible in the chosen animal
model. The acute onset, disruption of the endothelial and epithelial barrier, and the prolonged hyper-inflammatory
response in the lung, demonstrate the complexity of the experimental design and proper animal model establishment.
Innate immune responses, including inflammatory cell infiltration and the “cytokine storm” are a hallmark of lung
inflammation and ARDS. Cytokine storm is characterized by excessive inflammatory response to infectious and non-
infectious diseases, in which pro-inflammatory cytokines are predominantly released. Cytokine storms in the systemic
circulation and the lung alveolar environment can cause severe lung injury/ARDS.2 Since extensive reviews describing in
detail the above-mentioned mechanisms have been previously published,3–6 we chose to focus on less commonly
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described lung injury mechanisms in experimental cell and animal models, and in related clinical acute lung inflamma-
tion, mainly ARDS. Although no existing animal model can reproduce every clinical aspect of ARDS and related
inflammatory lung processes, they do provide important information about key elements of human response in lung
pathologies.7

Experimental Lung Injury - Acute Lung Inflammatory Models
Ventilator-Induced Lung Injury (VILI) Model
The lung injury caused by the application of mechanical ventilation is called ventilator-induced lung injury (VILI).7 In
this review we will only discuss VILI induced by mechanical forces, where the observed damage is the product of
mechanical stretch and cellular mechanotransduction. The overstretching of the alveolar epithelium induces inflammatory
responses, activation of capillary endothelial cells, irreversible opening of water channels across the epithelial barrier,
causing endothelial disruption and induction of downstream signaling pathways.8,9 In VILI animal models, animal size is
important since different animal models have different thresholds for VILI generation. Based on the animal model,
different studies have applied different ventilator strategies, such as high tidal volumes,10 lung strain,11 and positive end-
expiratory pressure (PEEP).12 Often researchers use a “two hit” animal model of VILI, were the injurious ventilation
strategy is applied on pre-injured lungs, since uninjured lungs would require higher, and hence non-clinically relevant,
tidal volumes to cause lung injury.13

Oxidative Stress
Under normal circumstances, oxygen metabolism releases reactive oxygen species (ROS) and reactive nitrogen species
(RNS), both of which are known as pro-oxidants. These include superoxide radicals, hydrogen peroxide, hydroxyl
radicals, nitric oxide, nitrogen dioxide, and peroxynitrite. The mitochondrial respiratory chain is the main source of ROS
and nitric oxide synthases (NOS), namely, endothelial NOS (eNOS), inducible NOS (iNOS), and neuronal NOS (nNOS)
for RNS.14 In addition, ROS-generating enzymatic systems, including xanthine oxidase, mitochondrial oxidases, and
particularly protein nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) are important sources of
ROS. ROS/RNS at low concentrations participate in cellular responses as regulators of signaling pathways and mediators
of pathogen defense.15 In order to maintain the production of pro-oxidants under control, the cells produce endogenous
anti-oxidant mediators. If the balance shifts in favor of the pro-oxidants for any reason, oxygen free radicals accumulate
and oxidative damage occurs.16

The main mechanisms by which oxidative stress causes cellular damage are nucleic acid structural impairment,
protein activity changes, inactivation of anti-oxidant enzymes, and alteration of transcription factors and gene
expression.17–19 Oxidative stress causes permanent oxidation of several protein residues. ROS/RNS have the ability to
modify histones at a post-translational level, affecting chromatin compaction and gene regulation. This occurs through
histone methylation and acetylation, and also through post-translational modifications affected by the oxidative balance
of the cell, and by epigenetic regulators. Notably, post translational modifications of the histones H3 and H4, as a result
of disruptions in anti-oxidant response or direct interaction of oxygen radicals with the amino-terminal histone protru-
sions, have been described.20 The main function of the NOX family is to generate ROS through their NOX catalytic
subunit, which aids the production of molecular oxygen by using NADPH as the electron donor. There are several
NADPH oxidase isoforms, NOX1-5, which differ in the catalytic NOX subunit, as well as in cellular and tissue
localization, ROS producing kinetics, and free radical type. NOX proteins are found in a variety of cell types, including
the vasculature and blood cells. In the lung, NOX2 is highly expressed, in particular in alveolar macrophages and the
airway epithelium, whereas NOX4 is highly expressed in the pulmonary smooth muscle cells. Their function, apart from
participating in ROS production, includes defense and cellular responses, such as gene expression, signaling pathways,
cell death induction, and response to mechanical stress.21,22 One of the main defense mechanisms against oxidative stress
is the KEAP1-NRF2 [Kelch-like ECH-associated protein 1-nuclear factor (erythroid-derived 2)-like 2] regulatory path-
way. NRF2 is a transcription factor responsible for the transcriptional regulation of antioxidant response elements
(AREs), whereas KEAP1 is a NRF2 inhibitor and down regulator, suppressing the nuclear activation of antioxidant
responsive elements.23,24 In normoxia, NRF2 binds to KEAP1 and then the complex is degraded. However, in the
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presence of ROS, the inhibitor is deactivated, and NRF2 is able to bind to AREs in the nucleus, enabling the transcription
of antioxidant enzymes, such as heme oxygenase HO-1.25

It has been suggested that in both in vitro and in vivo VILI models, activation of NOX2 results in ROS production,
hence worsening lung injury. In an in vitro VILI model, three different human and rat pulmonary cell lines were exposed
to cycle mechanical stretch, in order to examine the involvement of the lung epithelium in ROS production. The authors
suggested that after two hours of cycle stretching, NADPH oxidase activity increased, contributing to increased time- and
magnitude-dependent ROS production.26 Moreover, NOX2 expression was shown elevated in a mouse model following
injurious mechanical ventilation; it was proposed that the Toll-like receptor 4 (TLR4)/Tumor necrosis factor receptor–
associated factor (TRAF)/NOX2 pathway was activated after ventilation with high tidal volumes, resulting in excessive
ROS production, endoplasmic reticulum stress, and inflammation via the nuclear factor kappa B (NF-κB) pathway.27 On
the other hand, it has been demonstrated that administration of NOX2 inhibitors or substances that prevent NOX2
activation prior to mechanical ventilation had a protective effect on mouse lung injury.27,28 The protective role of NRF2
has been suggested in many in vitro and in vivo VILI models. Specifically, the first study to demonstrate the protective
role of NRF2 in VILI was in NRF2-deficient (NRF2−/−) mice. The NRF2−/− mice displayed higher vascular permeability
levels and inflammatory responses, compared to wild-type mice, after two hours of injurious mechanical ventilation;
administration of antioxidants reversed the VILI phenotype.29 Since then, several studies have also highlighted the
protective effects of NRF2-dependent pathways in VILI through maintaining the oxidative balance. NRF2 activators
could be used as potential therapeutic targets against VILI progression.30–35

Neutrophil Extracellular Traps (NETs)
Neutrophils eliminate pathogens through phagocytosis and degranulation, releasing several secreted products, including
hormones, enzymes, and ROS.36 Another mechanism in which only activated neutrophils and not naive neutrophils
engage in, is the release of neutrophil extracellular traps (NETs). The generated extracellular fibers are composed of
granule proteins, such as neutrophil elastase and DNA, in particular histones H1, H2A, H2B, H3, and H4. NETs are
released in the first ten minutes post-neutrophil activation, depending on the activator stimuli. NETs precede neutrophil
phagocytosis and actively participate in the defense responses by eliminating pathogens, and halting pathogen spread.37

Even though NETs are very important components of the innate immune response, there is a fine line between their
beneficial contribution and excess inflammatory response. Excessive NET formation in the lungs results in increased
mucus viscosity, which is cytotoxic to lung epithelial and endothelial cells, promoting cell damage and disrupting the
cellular matrix.38,39 In patients with severe non-thoracic blunt trauma, circulating histones are elevated and it has been
suggested that they are able to induce distant organ damage, especially to the lungs.40

VILI is characterized, among others, by pulmonary edema, hyaline membrane formation, and neutrophil infiltration,
as a result of the activation of pro-inflammatory and pro-fibrogenic pathways.41,42 During VILI, adhesion molecules,
transforming growth factor (TGF)-β1, cytokines, and chemokines are upregulated and act as mediators for neutrophil
recruitment in the ventilated lungs, inducing NET formation.38,42,43 A study by Rossaint et al reported the pathways
through which NETs form and aid lung injury during injurious mechanical ventilation without the presence of infection.
In a sterile, inflammatory VILI mouse model, they demonstrated that activated platelets triggered the binding of the
chemokines CXCL4/CCL5 and β2-integrin to their respective receptors, G-protein-coupled receptors (GPCR) and MAC-
1, hence leading to the release of NETs. Blocking any of these pathways resulted in reduced NET formation, ameliorating
VILI severity.44 Moreover, in agreement with the above, another study demonstrated that mice ventilated with high tidal
volumes had elevated NET markers and extracellular DNA in their lungs, the formation of which could be reduced by
DNase I treatment. They also demonstrated that NET formation was partially regulated by TLR4.45 In an infectious VILI
model, mice were intratracheally treated with LPS and were mechanically ventilated with high tidal volumes. Free DNA
and citrullinated histones were detected in the bronchoalveolar lavage fluid (BALF) of the mice, indicating the presence
of NETs in the alveolar space. Treatment with DNase reduced the NET markers in the BALF, and improved lung
mechanics; however no other inflammatory-induced VILI parameters were altered.46 According to the findings of the
above-mentioned studies, NETs are involved in inflammatory lung tissue damage during mechanical ventilation; thus,
inhibiting NETs early in the development of VILI may be beneficial to lung compliance.
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Mitogen-Activated Protein Kinase (MAPK) Pathways
The ability of cells to sense extracellular stimuli, and convert this information into intracellular responses through
signaling pathways, is fundamental for the cell’s survival and regulation. In mammals, mitogen-activated protein kinase
(MAPK) families play a crucial role in important cellular functions, including cell cycle programming, proliferation, and
apoptosis. The three MAPK cascades that have been extensively studied in mammalian cells are extracellular signal-
regulated kinase (ERK), C-Jun N-terminal kinase (JNK), and p38 MAPK. Each MAPK pathway consists of a three-
component module, including at least three enzymes that are necessary for MAPK activation. The MAPK kinase kinase
(MKKK) is the first kinase of the module, and is responsible for the activation through phosphorylation of the sequential
MAPK kinase (MKK), which in turn phosphorylates MAPK. Several isoforms of MKKKs, MKKs and MAPKs have
been identified in mammals. The MAPK phosphorylation substrates can be either transcription factors, or enzymes and
proteins.47–49

Growth factors and cytokines stimulate tyrosine kinase receptors (RTKs), and/or G protein-coupled receptors
(GPCRs), which induce the cascade of the ERK MAPK pathway. The most representative ERK pathway consists of
c-Raf-1 MKKK, which phosphorylates MEK1 and MEK2 MKK. MEKs then phosphorylate and activate the MAPKs
ERK1 and ERK2. The ERKs translocate into the nucleus where they phosphorylate transcription factors that regulate cell
proliferation and differentiation. The JNK pathway, also known as stress activated protein kinase (SAPK), is triggered by
several stimuli, including stress, cytokines and growth factors. Several MKKKs and MKKs are activated in order to
phosphorylate the three alternative forms of JNK, JNK1-3. JNKs can phosphorylate c-Jun on Ser-63 and Ser-73 by
binding to its NH2-terminal activation domain, and can also phosphorylate JunB and JunD. The JNK pathway induces
cellular responses that include apoptosis, inflammatory responses, and cell growth. Finally, the p38 pathway is also
activated by cytokines, stress and mitogens. The four p38 isoforms α, β, γ, and δ are activated by different activated
MKKK and MKK combinations. p38-induced cellular responses appear to have an important role in the cell’s fate,
determining cell proliferation, survival, apoptosis, and stress responses.47–50

Cycle stretch of human bronchial epithelial, and pulmonary microvascular endothelial cells induced the activation of
the MAPK signaling pathways, including p44/42, SAPK/JNK, and p38. In particular, p38 activation seemed to have an
important role in interleukin (IL)-8 production, and therefore induction of the inflammatory response through the chemo-
attraction of neutrophils.51,52 Many studies have used murine models of VILI exposed to high pressure or high tidal
volume ventilation, and have demonstrated increased activation of MAP kinases, including p38, JNK, and ERK1/2, as
well as NF-κB, and related transcription factors, such as c-Jun.53–55 Mice deficient in p38, MKK3, and JNK1 were less
prone to VILI and cell death. Furthermore, JNK1−/− mice exhibited resistance to pulmonary edema development.53 In
mice exposed to high-stretch mechanical ventilation, the quantification of MAP kinase markers demonstrated that within
one minute of injurious ventilation, the endothelial cells exhibited significant phosphorylated levels of p38 and ERK1/2,
suggesting that they are probably the first cell type to rapidly respond to stretch-induced injuries by activating MAP
kinase pathways. Type I and II alveolar epithelial cells exhibited increased phosphorylation of p38 within the first minute,
while alveolar macrophages showed signs of MAP kinase activation after five minutes of high stretch ventilation.56

Surfactant
Pulmonary surfactant is a phospholipid and protein layer that lines the alveolar wall. The main lipid component of
surfactants is dipalmitoylphosphatidylcholine (DPPC), while the protein component consists of four associated surfactant
proteins (SPs); two hydrophilic, SP-A and SP-D also termed collectins, and two hydrophobic, SP-B and SP-C. Surfactant
synthesis occurs mainly in alveolar type II cells. One of the principal surfactant functions is the prevention of alveolar
collapse through the reduction of surface tension.57 Surfactant can also modulate the host’s immune response, and
facilitate in pathogen elimination.58,59 Several diseases have been associated with surfactant deficiency or overproduc-
tion. Lung surfactant integrity and activity is inhibited by injury-induced compounds, including plasma and blood
proteins, ROS, RNS, and lytic enzymes.60

Mechanical ventilation can cause lung overdistention, edema formation, and decreased lung compliance.61 It has been
demonstrated that mechanical ventilation without PEEP can impair surfactant layer composition and function, while
ventilation with applied PEEP protects the lungs.62 Surfactant impairment increases alveolar wall tension and pressure
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parameters, increasing the susceptibility of lung collapse.63 In an adult rat VILI model, administration of exogenous
surfactants restored the gas exchange imbalance, oxygenation, and lung mechanics.64 In another study, combining
exogenous surfactants with PEEP in mechanically ventilated rats reduced TNF-decompartmentalization.65 Moreover,
early surfactant administration resulted in a superior protective response in a surfactant deficient VILI rabbit model.66

Ion and Water Transport
Maintaining balanced water and ion transport in the lung is an important process to help maintain normal lung function.
Pulmonary edema is characterized by impaired capillary and alveolar walls, and fluid collection in the alveolar
compartment.67 Disturbed ion homeostasis has been associated with several lung pathologies.68 Aquaporins (AQPs)
are a family of proteins that participate in water transportation as water channels. In mammals, there are more than ten
homologous AQPs, and about one third are expressed in the lungs.69 AQPs participate actively in the trans-endothelial
and trans-epithelial water flux in the lung. AQP1, the first characterized AQP, is expressed in alveolar epithelial cells and
in microvascular endothelial cells. The expression of AQP4 is localized in the basolateral membranes of bronchial
epithelium, and of AQP5 in the apical membranes of type I epithelial cells.70–73 AQP expression seems to differ between
various types of lung injury, depending on the injury site each model induces. Apart from their role in soluble
transportation, AQPs participate in different cellular processes, including cell proliferation and migration, and signaling
transduction.74

Airway epithelial cells have the ability to control the transport of solutes and ions through ion channels that are
distributed among their basal and apical membranes.68 Impaired edema clearance present in lung injuries results in
altered ion transportation and fluid reabsorption.75 Sodium (Na+) transport from the apical membrane of the epithelium to
the basolateral membrane, and then out to the interstitium and the circulation is the driving force for fluid clearance. In
particular, sodium ions enter epithelial cells through the amiloride-sensitive epithelial Na+ channels (ENaC) present in
the apical membrane of epithelial cells, and then exit through sodium-potassium-adenosine triphosphatase (Na,
K-ATPase). ENaCs are expressed on the apical membranes of both type I and II epithelial cells, and have an important
role in transcellular Na reabsorption. Na, K-ATPase is a transmembrane protein located on the basolateral surface of
alveolar epithelial type II cells; with the conversion of ATP to ADP, three Na ions are pumped out and two K ions enter
the cytoplasm. An osmotic gradient is generated that forces the passive water movement from the apical side with the
help of aquaporins. The pathophysiology that occurs in the lungs during acute lung injury can alter the Na, K ATPase
functions.68,75,76

AQPs could modulate the wet/dry lung ratio in VILI, thus acquiring a protective role in VILI.77 AQP1 expression in
different VILI murine models has been reported to be either decreased or increased, depending on the experimental
parameters. In mice subjected to high-stretch ventilation, AQP1 expression remained unaltered.72 In a rat VILI model
using high tidal volumes, AQP1 expression decreased. However, in the same rat model using low tidal volume
ventilation, AQP1 mRNA, and not protein, expression increased after two and four hours of ventilation.78,79 In a rat
model, high volume ventilation decreased AQP1 expression, while AQP1 upregulation with a cyclooxygenase-2 inhibitor
alleviated lung injury.80 As for AQP4, the mRNA and protein expression were found decreased in a mouse injurious
ventilated model.72 High tidal volume ventilated rats exhibited reduced AQP5 expression. It was suggested that treatment
with a p38 MAPK inhibitor could upregulate AQP5 and have a protective effect on lung injury.81 Moreover, in low tidal
volume ventilation, the protein expression of AQP5 was found to be gradually increased, without, however, affecting
permeability and edema formation.78

Based on the fact that Na, K-ATPase has been reported to be downregulated during injurious mechanical ventilation,
a research team observed that overexpression of Na, K-ATPase in a VILI rat model of mild ventilation, increased Na,
K-ATPase activity, and improved liquid clearance.82 The use of autologous transplantation of adipose-derived stromal
cells (ADSCs) was tested as a therapeutic approach in order to ameliorate VILI in a rat model. Treatment with ADSCs in
injurious ventilated mice increased Na, K-ATPase activity, and induced the gene and protein expression of Na+ channel
subunits, improving alveolar fluid clearance.83 Another study suggested that intratracheal instillation of dopamine in
a VILI rat model could activate the dopaminergic D2 receptors, resulting in rapid activation of Na, K-ATPase, positively
affecting pulmonary edema clearance and survival.84
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Septic Model
Sepsis is a complex syndrome characterized by a dysregulated host response to invaded pathogens. The secreted pro-
inflammatory mediators, tumour necrosis factor (TNF)-α, IL-1, and IL-8, act as neutrophil recruitment mediators during
the initial hyper-inflammatory phase.85 The mechanisms through which neutrophils kill pathogens are phagocytosis,
degranulation, and NET formation, rendering a crucial role in infection elimination.86 Even though pre-clinical animal
models of sepsis have provided important information on sepsis mechanisms, it should be noted that sepsis is
a multifactorial syndrome and, therefore, animal models are not able to reproduce all clinical symptoms. The closer to
the intensive care unit (ICU) environment the model is designed, the more clinically relevant answers the model could
provide.87

One of the most applied methods to mimic human sepsis in an animal model is through endotoxins. The most
common endotoxin used is lipopolysaccharide (LPS), a glycolipid found in the outer membrane of gram negative
bacteria.88 The administration routes of LPS include intravenous, intraperitoneal, and intratracheal injection, and due
to the simplicity of the method, it is very easy to achieve this septic model. However, one disadvantage of this model
is that the systemic response to the endotoxin, does not replicate the one observed in human sepsis; this includes the
time escalation and intensity of the cytokine storm observed, as well as the changes in hemodynamic equilibrium.89

Another animal model mimicking human sepsis induced lung injury is cecal ligation and puncture (CLP). This model
induces acute lung injury secondary to peritonitis. In animals, peritonitis is experimentally generated through surgical
ligation and perforation of the cecum with a needle.90 ARDS-like lung injury in CLP is promoted by hyperpermeability-
induced pulmonary edema, neutrophil-mediated damage, and hypoxia.91,92 In contrast to the LPS-induced sepsis, the
CLP effects develop within days with a milder onset, and therefore, is considered one of the proper animal models of
sepsis. However, the requirement for surgical induction of injury is a disadvantage.93

Oxidative Stress
The role of NADPH oxidases has been investigated in many in vivo and in vitro septic models. In a mouse CLP-induced septic
model and an in vitro LPS-induced septic model, NOX4 knockdown was associated with decreased mortality levels and ROS
production, whereas NOX2 knockdown was linked to worse outcomes.94 It was suggested that NOX4 induction in LPS-
induced endothelial cells is post-translationally mediated by the proteasome/ubiquitin pathway.95 In the same manner, NOX2
activity was increased in the alveolar epithelial cells and macrophages of LPS-induced septic mice, as well as in an in vitro
model, leading to cell damage and loss of barrier integrity due to excess ROS production.96 NRF2 has been characterized as an
important host component of the innate immune response in experimental models of sepsis. In LPS and CLP-induced septic
mouse models, NRF2−/− deficient mice showed greater inflammatory response and mortality rates when compared to NRF2+/+

septic mice. Additionally, deregulated gene expression of key innate immunity components and antioxidant genes was
established in NRF2−/− septic mice lungs, as early as 30 min post-infection, which later affected the severity of the
inflammatory response.97 Furthermore, in a CLP mouse model, induction of NRF2 by depleting its inhibitor, KEAP1, in
macrophages and neutrophils improved mouse outcomes, and protected against sepsis.98 Several studies, taking advantage of
the protective function of NRF2 in sepsis, have examined several pharmacological and non-pharmacological components that
are involved in NRF2-dependent pathways in order to alleviate lung injury caused by sepsis.99–101

NETs
NETs participate in sepsis progression. NETs aid in pathogen elimination, and also participate in organ dysfunction
development. In CLP and LPS-induced septic mouse models, increased serum extracellular DNA was detected. Treatment
with DNase decreased NETs, however increased pathogen burden and inflammation; on the other hand induction of NETs
resulted in lung injury and increased mortality. Treatment with a combination of DNase and antibiotics ameliorated systemic
inflammation and parameters of lung injury. It was concluded that there should be a dynamic balance between NET formation
and pathogen elimination in order to achieve pathogen clearance and to avoid lung injury.102,103 In another study, in a LPS-
induced mouse model, it was demonstrated that neutrophils interacting with activated platelets, through TLR4, induce NET
production, promoting endothelial cell damage and organ dysfunction.104 These are in agreement with the results from a CLP
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mouse model, which showed that the interaction of thrombin-activated platelets with polymorphonuclear cells (PMNs)
resulted in local NET formation, promoting subsequent immunothrombosis.105

MAPK Pathways
Increased phosphorylation of JNK and p38 MAPK in lung tissue of septic murine models after CLP has been reported,
while disruption of MAPK signaling pathways through administration of JNK and p38 inhibitors have resulted in
restored lung permeability, decreased leukocyte recruitment, modulation of systemic inflammatory response, and
attenuation of the lung injury.106,107 Two different studies have examined the effects of the deficiency of important
MAPK signaling pathway factors in intraperitoneally LPS-injected mice. In the first study, septic MKK3 deficient mice
exhibited reduced inflammatory and oxidative stress markers, concluding that MKK3 deficiency has a protective role in
endothelial cell damage.108 In the second study, deficiency of the MAPK phosphatase 5 (MKP5) in mice enhanced the
phosphorylation of p38, JNK, and ERK in macrophages, resulting in induced neutrophil infiltration, edema formation,
and inflammatory response.109 In an intratracheal LPS mouse model, alveolar macrophages exhibited increased activated
levels of p38 and NF-κΒ only five minutes after LPS administration, while type I and II epithelial cells displayed signs of
activation by that time. In contrast with the rapid response of the endothelial cells in the injurious mechanical ventilation
mentioned priory, in the septic model, the endothelial cells showed signs of MAPK activation fifteen minutes after LPS
administration.56

Surfactant
As previously mentioned, SP-A and SP-D are able to modulate immune responses. The C-terminal lectin domain of
collectins binds to pathogens, and mediates their elimination through opsonization.58 Collectins can bind to Gram-
negative bacteria by recognizing and binding to LPS, and therefore, can modulate cellular activation and responses
following LPS exposure.110 In a study using a CLP adult sheep lung injury model, the protein expression of three out of
four surfactant protein levels was decreased in the first 48 hours of lung injury and could, therefore, be used as a severity
biomarker.111 Later, it was found that the changes in surfactant metabolism in septic lungs are the result of the decreased
conversion of large surfactant aggregates to small ones, with the amount of large aggregates remaining unaltered.112

Under normal conditions, there is a balance between the large surfactants and the converted non-functioning small
surfactants, however, in pathological conditions, this balance is disrupted.113

Ion and Water Transport
In LPS or CLP-induced lung injury models, the upregulation of AQP1 and AQP5 has been linked with a protective role
in lung injury progression.114–117 In various murine models of LPS-induced lung injury, the expression of AQP1 and
AQP5 was decreased. Reduced AQP expression levels have been linked with increased levels of inflammatory markers
and apoptotic cells.72,118,119 The absence of AQP1 in mice given LPS intratracheally had no effect on the induced lung
injury.120 Moreover, in a study examining the expression of AQP1 and AQP5 in an in vitro and an in vivo mouse model,
exposure to LPS resulted in differential regulation of AQPs. In the in vitro model, LPS increased both the mRNA and
protein expression of AQP1, however did not alter AQP5 expression. In the mouse model, intraperitoneal injection of
LPS decreased the expression of AQP1, however not the mRNA expression of AQP5.121 Inhibition of AQP4 prior to
LPS instillation has been shown to ameliorate lung injury and decrease mortality.122

Alveolar fluid clearance in a CLP-induced lung injury rat model was decreased, and when rats were treated with
amiloride, the fluid clearance decreased significantly. Sepsis promoted the endocytosis of Na, K-ATPase proteins
from the basolateral membrane into the cytoplasm of alveolar epithelial type II cells, impairing the active Na
transport.123 The therapeutic benefit of ascorbic acid has been examined in a mouse model intraperitoneally injected
with a fecal stem solution. Ascorbic acid could alleviate the pathology of lung injury and induce the activity of Na,
K-ATPase.124 In a porcine model of sepsis-induced lung injury caused by fecal clot implantation, gene delivery of
ENaC and Na, K-ATPase into alveolar cells, reduced edema formation, improved lung function, and decreased
mortality.125
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Ischemia/Reperfusion Model
Another type of lung injury extensively studied in animal models, due to its important clinical significance, is ischemia/
reperfusion (I/R). Lung injury is generated through an ischemic period followed by a reperfusion period. Thoracic
procedures, such as lung transplantation, pulmonary thromboendarterectomy and esophagectomy, and trauma, can cause
ischemic/reperfusion periods, resulting in pulmonary complications, like ARDS. Apart from direct ischemia/reperfusion
in the lungs, distant vascular bed and non-pulmonary sites, for example, gut ischemia/reperfusion, could also contribute
to lung injury.126–128

In vivo models of ischemia/reperfusion include small animals, mainly mice, rats, and rabbits. They are chosen due to
their easy handling, however they can provide limited clinical information. On the other hand, larger animals, like pigs,
dogs, and sheep, approach the clinical symptoms in a more relevant manner, and have facilitated the pre-clinical research
of new ARDS interventions. In order to achieve ischemia/reperfusion, major surgical intervention is required. Animals
need to be sedated and mechanically supported. Access to the lungs is accomplished through thoracotomy, and then the
clamping procedure with arterial forceps, ligature, and balloon occluder is performed. Ischemia can be performed either
by clamping the pulmonary circulation and preserving the bronchial circulation, or by arresting bronchial circulation,
through lung hilum clamping, which restricts both pulmonary and bronchial circulation. Air ventilation can also be
stopped, inducing more severe lung damage.7,127 Apart from the chosen animal species, the extent of the ischemic area,
the duration of ischemia, and the inflation state are parameters that determine the severity of the lung injury. The injury is
characterized by increased alveolar epithelial permeability, edema formation, release of pro-inflammatory cytokines, and
infiltration of polymorphonuclear cells. It should be noted that these damage responses develop at the ischemic/
reperfused site, and also at the contralateral lung.7,129

Oxidative Stress
Endothelial cells have the ability to sense hemodynamic changes. Blocking blood flow results in changes in cell
membrane polarization, and production of ROS through NOX2 activation. Additionally, a sudden restoration of blood
flow induces NOX2 activation.130 In an ischemia/reperfusion mouse model, after one hour of ischemia followed by
two hours of reperfusion, it was shown that NOX2 played an important role in invariant natural killer (NK) cell
mediated IL-17 production, lung injury induction, edema formation, and neutrophil infiltration.131 Moreover, in
a hilar clamp I/R mouse model, it was suggested that following I/R, a crosstalk between invariant NK cells, alveolar
macrophages, and type II epithelial alveolar cells facilitates lung inflammation and dysfunction, via secretion of IL-17
and TNF-α in a NADPH oxidase-dependent mechanism.132 Inhibitors of NOX2 and NOX1/NOX4 have been shown
to protect the lungs and alleviate lung injury induced by I/R. Hence they have been proposed as therapeutic
approaches.133 The interruption of lung blood flow disrupts the physiological metabolic balance, causing toxic
metabolic byproduct accumulation, hypoxia, and alteration of cellular pathways. The period following reperfusion
does not restore the balance; on the contrary the ischemic lung injury worsens. One of the biggest mediators of I/R
lung injury is ROS production.134 Hence, identifying major antioxidant components or activators/inhibitors of ROS
producing pathways, and designing novel therapeutic strategies based on these cellular pathways, could provide new
insights in I/R lung injury management. Several studies have demonstrated the NRF2-dependent protective pathways
of lung injury are induced by I/R.135–139

NETs
Only a few studies have investigated the involvement of NETs in ischemia/reperfusion lung injury models. Until now,
published studies have examined the role of NET formation in experimental lung transplantation. Sayah et al were the
first to highlight the pathologic role of NETs in lung transplantation. In two experimental lung transplantation mouse
models, hilar clamp and orthotopic lung transplantation after prolonged cold ischemia (OLT-PCI), the presence of rich
NETs in the BALF of both models was detected, and increased platelet count in the latter model. The models displayed
a platelet-dependent NET formation mechanism, emphasizing the therapeutic potential of DNase I treatment in primary
lung graft dysfunction.140 A study by Scozzi et al, examined the impact of NET fragments after DNAase I treatment in
a mouse orthotopic lung allograft damaged by I/R injury; even though at first DNase I treatment improved allograft lung
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function, the released NET fragments induced inflammatory cascade development, CD4+ T cell responses, and NET
fragments eventually could jeopardize transplant lung acceptance.141

MAPK Pathways
Immunohistochemical analysis of the whole left lung of rats subjected to I/R, revealed that activated p38 and JNK are
localized in alveolar macrophages, while ERK1/2 is found in endothelial and epithelial cells. The strategic site of
expression of p38 and JNK is responsible for the protective effect of p38 and JNK inhibition in I/R induced lung
injury.142 In rats subjected to I/R, inhibition of p38 attenuated lung injury and the induced inflammatory responses,
specifically by decreasing the levels of IL-1β, IL-6, and cell adhesion molecules.143 These results are in agreement with
two other studies examining lung injury induced by intestinal I/R in rats, which demonstrated that IL-1β expression
levels were associated with p38.144,145 Although I/R physiologic and pathogenic parameters, such as aerodynamic and
hemodynamic changes, as well as donor-recipient compatibility, cannot be introduced into cellular models, in vitro
models provide important mechanistic information. Researchers using rat pulmonary microvascular endothelial cells and
exposing them to conditions resembling lung transplantation procedures, including cold ischemia, reperfusion, and re-
oxygenation, demonstrated the pivotal role of MAPK regulation in non-hypoxic I/R.146,147

Surfactant
Following I/R, the blood-air barrier is disturbed, alveolar and interstitial edema are formed, and the intra-alveolar
surfactant is impaired.148 Pretreatment of lung transplants with exogenous surfactants prior to storage has been shown to
alleviate lung injury, and improve lung function.149,150 In rat lungs subjected to I/R and cold storage, administration of
exogenous surfactants prior to ischemia improved oxygenation, edema formation, and blood-air barrier impairment.
Neither I/R nor exogenous surfactant altered alveolar epithelial type II cell parameters and, therefore, the suggested
underlying mechanism of this improvement is that exogenous surfactants increase the total active endogenous intra-
alveolar surfactants, and re-balance the ratio of large and small aggregates.151–153 Moreover, a study using a rat I/R
model demonstrated that exogenous surfactant treatment improved histopathologic lung features, decreased apoptosis,
and induced anti-inflammatory cytokine secretion levels.154

Ion and Water Transport
In rats subjected to I/R, inhibition of p38 attenuated lung injury and edema formation by reducing the expression of
AQP1, a water channel expressed in lung endothelial cells.143 In a murine model, increased AQP1 expression was
detected one and two weeks following I/R lung injury. In the same model, AQP1 deficient mice subjected to I/R
exhibited impaired I/R resolution, negatively affected angiogenesis, and decreased survival. It was hence suggested that
AQP1 could promote angiogenesis in I/R.155 In a lower limb I/R, the lung mRNA and protein expression of AQP1 and
AQP5 was decreased, enhancing inflammation and pulmonary edema formation; pre-treatment with sodium hydrosulfide
upregulated AQP1 and AQP5 expression, and reversed the inflammatory phenotype.156 Moreover, in a rat intestinal I/
R-induced lung injury model, the expression of AQP4 was upregulated, while the injection of a p38 MAPK inhibitor
resulted in downregulation of AQP4; this down-regulation decreased lung injury severity.144

Na, K-ATPase activity is impaired in I/R periods. In a porcine lung injury model of mesenteric artery I/R, gene delivery of
ENaC and Na, K-ATPase into alveolar cells reduced edema formation, improved lung function, and decreased mortality.125

Several agents have been examined in order to evaluate whether they are effective in attenuating I/R-induced lung injury. In
distal organ I/R animal models, iloprost (a prostanoid mainly used to treat pulmonary arterial hypertension), acetazolamide (a
carbonic anhydrase inhibitor), and caffeic acid phenethyl ester (an antioxidant), have been found to upregulate and restore Na,
K-ATPase activity, hence attenuating I/R-induced lung injury.157–159

Smoke Inhalation Model
Smoke inhalation is another type of lung injury reproduced in animal models. Following smoke inhalation, inflammatory
mediators and cytokines are released, neutrophil accumulation is induced, and pulmonary edema is formed. Following
this initial response, a fibrotic phase with hyaline formation and cellular hyperplasia occurs. The effects of smoke
inhalation injuries affect the upper airway, the lower respiratory tract, as well as systemic physiological functions. The
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damage caused in the lower airway is characterized by injured type I alveolar epithelial cells, increased vascular
permeability, secretion of cytokines, leading to protein fluid collection and edema formation in the alveoli space.160–162

Animal models of smoke inhalation-induced lung injury include both small and large animals. Studies use different
types of smoke injury methods, such as cotton smoke, pine smoke, and wood shaving smoke. Animals are either directly
exposed to the smoke and injury is induced through inhalation, or in larger animals, smoke is introduced through
mechanical ventilation and the animal needs to be anesthetized. Larger animals could provide more accurate information
due the pathophysiological similarities to human injury.160,163

Cigarette smoking is one of the main causes of morbidity and mortality worldwide, responsible for the development
of chronic lung inflammation, including chronic obstructive pulmonary disease (COPD), idiopathic pulmonary fibrosis
(IPF), pulmonary hypertension, and asthma. Tobacco smoke is a complex mixture of toxic components, carcinogens, and
reactive oxygen species. It has been demonstrated that it alters vascular function, increases alveolar-capillary barrier
permeability, and induces inflammation in smokers. Cigarette smoking has been recognized as a risk factor for ARDS
development and poor prognosis.164–166 Since in this review we have focused on acute lung inflammation models, in the
following section we will only provide a brief overview of published reviews relevant to the described mechanisms for
chronic lung inflammation secondary to tobacco smoke.

Oxidative Stress
After exposure to wood smoke extract, ROS levels, intracellular mitogen and stress-activated signaling pathways,
apoptosis, and IL-8 levels were increased in primary human bronchial epithelial and rat alveolar epithelial type II
cells. Administration of NAPDH and ROS inhibitors and antioxidants reduced the above mentioned responses, empha-
sizing the important role of oxidative stress stimuli in smoke-induced injury.167,168 Moreover, exposure of human
pulmonary artery endothelial cells to wood smoke extract induced upregulation of antioxidant enzymes, including
HO-1, and intracellular ROS levels were also increased. The induced oxidative stress mediated cell apoptosis through
mitochondrial release of apoptosis-inducing factor and endonuclease G.169 It should be noted, that several studies have
examined the role of oxidative stress in smoke-induced lung injury in different animal models. They found increased
levels of important oxidative stress markers, which in the context of the current review are not discussed.

The impact of chronic exposure to cigarette smoke in the activation of NRF2 is thoroughly analyzed in a review by
Müller et al, where the dual role of NRF2 activation is discussed.170 Another review worth mentioning examined the
therapeutic potential of NRF2 in COPD animal models.171 Finally, a review by Kim et al has provided a comprehensive
presentation of cigarette smoke models and has discussed the impact of NOX activation in cardiovascular diseases.172

NETs
To the best of our knowledge, no study has examined the effect of acute smoke exposure on NET formation. Most studies
have explored the effects of cigarette smoke in animal smoke inhalation models. Mice exposed to cigarette smoke
induced NET formation in the airways, which appeared to play an important role in the immune response. Moreover,
treatment with aerosolized DNase I degraded NETs and ameliorated airway inflammation.173,174

MAPK Pathways
In two murine models of smoke-induced lung injury, fifteen minutes of cotton smoke exposure resulted in the activation
of JNK. The activation of the JNK pathway has been shown to have a crucial role in airway epithelial cell apoptosis, as
well as in mucous overproduction. Treatment with a JNK inhibitor alleviated these symptoms and increased animal
survival. These results suggest that JNK can be used as a novel therapeutic target in smoke-induced lung injury.175,176

The reviews cited provide an in-depth analysis of the role and effect of the activation of the MAPK pathways in
tobacco smoke-induced lung injury models.177–179

Surfactant
The normal surfactant intra-alveolar distribution is altered following smoke inhalation in mice. In a murine model
exposed to smoke for 30 min, changes in surfactant metabolism appeared four hours after exposure and were sustained
for twelve hours, including increased levels of newly secreted surfactants,180 whereas after eight hours the total
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phospholipid surfactant levels in the lung lavage was increased.181 Instilled porcine pulmonary surfactant in rats exposed
to smoke inhalation attenuated the smoke-induced lung injury. In particular, porcine surfactant improved the histological
damage, increased the endogenous SP-A levels, and inhibited pro-inflammatory cytokine secretion.182

The impact of tobacco smoke exposure on surfactant protein function, as well as the mechanistic effects of smoke on
the pulmonary system have been thoroughly presented in the cited reviews.183,184

Ion and Water Transport
The effect of smoke on airway epithelial permeability was tested in murine tracheal epithelial monolayers. Two
parameters of smoke inhalation injury were tested; thermal stress and acrolein exposure, one of the main fire smoke
components. Inhibiting Na, K-ATPase activity by depleting Na ions or using ion channel inhibitors, and exposing cells to
acrolein suppressed the short-circuit current, and activated transepithelial resistance. Smoke exposure seemed to damage
the tight junctions and impair the airway epithelial barrier, which was mediated by disturbed transcellular Na, K-ATPase
ion transport.185

Acid Aspiration Model
Aspirated fluids, including aspiration of gastric contents or chemical fluids with low pH, directly damage the airway
epithelium, inducing a caustic insult. Following the initial response, a neutrophil-dependent inflammatory response
occurs. It is characterized by impairment of the pulmonary vascular integrity. Fluid transportation, vascular leakage,
alveolar hemorrhage, and edema formation comprise the pathological mechanisms of acid-induced lung injury.7,186

However, it should be noted that when acid enters the lower respiratory tract it is neutralized, and therefore the damage
caused is not very extensive.186,187

In animal models, acid-induced lung injury is generated by instilling acidic fluids, most commonly hydrochloric
acid (HCl), intratracheally, or directly to the bronchi. The severity of the lung injury depends on the acidity of the
solution, and therefore, low pH solutions are used that approach the acidity of gastric fluids. Although HCl induces
acid-induced lung injury, it does not completely replicate the injury caused by gastric aspiration. The gastric content,
apart from HCl, consists of food particles, pathogens, and cytokines that further damage the lungs. The presence of
pathogens in the gastric fluids could evolve the initial chemical pneumonitis to infectious aspiration
pneumonia.7,186,188

Oxidative Stress
In NADPH oxidase-deficient (p47phox−/−) and NRF2-deficient (NRF2−/−) mice, intratracheally instilled with HCl,
a protective role of NADPH oxidase and NRF2 in acid aspiration-induced lung injury was proposed. More specifi-
cally, in both models, increased markers of lung injury were detected. Induction of NRF2 activity in wild-type mice
resulted in attenuation of the acid-induced lung injury, however did not alter neutrophil clearance, whereas NADPH
oxidase limited lung injury by reducing neutrophil accumulation in the alveoli. These studies suggested that NADPH-
generated ROS have a protective role in acid-induced lung injury in this setting, by modulating inflammatory and
pulmonary damage responses.189,190 In a murine model of intratracheal instillation of HCl, NADPH oxidase subunits
and mitochondrial oxidative stress levels were elevated. NADPH inhibitor treatment did not improve lung injury;
however, the administration of a mitochondrial-targeted antioxidant factor reduced inflammation and protected against
PMN infiltration.191

NETs
Mice challenged with intratracheal instillation of HCl exhibited increased NET levels in the BALF when compared to
a sham group, while exogenous administration of NETs worsened injury. Treatment with alvelestat, a neutrophil elastase
inhibitor, could act as a potential therapeutic strategy.192

MAPK Pathways
In an in vitro model using a human lung epithelial cell line exposed to HCl, the MAPK signaling pathways were
activated in a time-dependent manner, promoting lung injury and apoptosis. Pre-treatment of the cells with p38 and JNK
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inhibitors decreased cell apoptosis, while pre-treatment with an ERK1/2 inhibitor did not affect apoptosis. This indicated
that HCl effectively induced apoptosis via the JNK and p38 pathways, modulating epithelial cell injury and death.193 In
another study using human epithelial lung cells exposed to hydrogen peroxide, p38 and ERK phosphorylated levels were
upregulated, while pre-treatment with hydrogen sulfide decreased the phosphorylated levels.194

Surfactant
Rat models of intratracheal instillation of HCl and/or gastric particles developed severe lung injury, accompanied by
surfactant dysfunction. The BAL retrieved from the rats revealed a great reduction in large surfactant aggregates, and
their ability to lower surface tension was also impaired. Surfactant impairment strongly correlated with lung injury
severity.195 In a study using adult rabbits treated intratracheally with HCl, the administration of different surfactants,
natural, bovine, and synthetic recombinant, did not improve oxygenation. The authors attribute these results to extended
protein leakage and surfactant inhibition.196 However, surfactant replacement seemed to be beneficial in ex vivo lung
perfusion. In two porcine models exposed to gastric acid aspiration, surfactant administration either right before ex vivo
lung perfusion or during, improved lung function and ameliorated inflammatory mediators.197,198 It appears that whether
a surfactant-based therapeutic strategy will be successful, depends on many parameters, including the type of lung injury,
the severity, and the surfactant composition.

Ion and Water Transport
In a murine model of intratracheal instillation of HCl, the mRNA and protein expression of AQP4 were found to be
decreased, while the expression of AQP1 and AQP5 remained unaltered.72 In an early-stage oleic acid-induced lung
injury rat model, expression of AQP4 increased and was dependent on MAPK signaling pathways.199 However, in
a study investigating the effects of AQP depletion in different lung injury models, including HCl aspiration, the absence
of AQPs did not affect physiological water clearance of the lung, or edema formation.200

In a murine model, both oleic acid and ouabain, a specific Na, K-ATPase inhibitor, induced lung injury and inhibited
Na-K-ATPase for 24 hrs, indicating its important role in lung injury.201 Treatment of oleic acid-induced lung injury with
propofol, restored the Na, K-ATPase activity, increased inducible nitric oxide synthase, and ameliorated the inflammatory
response in rats.202

Radiation Model
Exposure to ionizing radiation for therapeutic purposes is one of the principal treatment strategies for thoracic malignancies.
However, the lungs are relatively radiosensitive to ionizing radiation, restricting the use of lung radiotherapy, and inducing
the most common complication of radiotherapy, radiation-induced lung injury. Following radiation exposure, an asympto-
matic period occurs, which should not be mistakenly characterized as non-responsive, and has been defined as a “latent
period” in which no major pathology is apparent. The biochemical modifications, however, that occur during this period are
thought to be responsible for most of the effects of ionizing radiation in mammalian cells. The main mechanisms through
which radiation results in pulmonary damage are through ROS and RNS, produced by water radiolysis, and through direct
damage of macromolecules. Pathology manifests between 2 and 6 months following treatment, as acute pneumonitis occurs.
The next pathological finding evolves between 6 and 24 months post-treatment, that is fibrosis.203,204

The use of animal models has been extremely beneficial in understanding the pathogenesis of radiation in humans and
in improving therapeutic doses. A crucial factor that should be considered in the choice of the animal species is the
similarity to human injury response in the model, as well as the use of similar radiation doses. Murine models are one of
the main choices, as well as pigs and rats, and have provided useful information on the underlying mechanisms of
radiation-induced lung injury.205

Oxidative Stress
Oxidative damage is responsible for the long-term toxicity following radiation exposure. The induced generation of free
radicals impairs oxidative metabolism in the irradiated cells and neighboring cells, through cellular communication
pathways.206,207 Among the enzymes that are unregulated by ROS and RNS production are NADPH oxidases. NOX4 levels
are induced immediately after the lungs have been exposed to radiation, promoting tissue inflammation, and acting as
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a mediator of pulmonary fibrosis.208,209 Increased levels of NOX4 and oxidative stress in the pulmonary blood vessels and
the epithelial cells, as well as increased apoptosis of type I pneumocytes was observed 6-weeks after radiation in the lungs of
mice that had received one dose of radiation to the whole thorax. Treatment with a scavenger of ROS/RNS reduced both
NOX4 and apoptosis, proposing an interplay between oxidative stress and apoptosis in radiation-induced lung injury.210

MAPK Pathways
In a murine model, high dose irradiation of the left lung, resulted in increased protein levels of the phosphorylated form
of c-Raf, the upstream MKKK of the ERK1/2 pathway, even four weeks after radiation exposure, suggesting that c-Raf
activation plays an important role in radiation-induced lung injury, and specifically in lung fibrosis.211 In another study,
the activation of the ERK pathway was associated with cell proliferation after exposure to low dose ionizing radiation.212

As mentioned above, radiotherapy is a principal therapeutic intervention in cell malignancies, especially lung cancer. In
an in vitro model of human lung cancer cells exposed to ionizing radiation, phosphorylation of p38 was elevated,
reaching its maximum levels 3–6 hrs after exposure. Although the phosphorylation levels of the other two MAPKs were
not altered, treatment with p38 and JNK inhibitors blocked the cells’ radiation-induced elongation and cell migration.213

It seems that the activation and the effects of the activated MAPK pathways are not brief after radiation exposure; they
are sustained and regulate important cellular responses pertaining to the cell’s injury response and fate.

Surfactant
It is known that radiation causes alterations in the surfactant layer. Hence, a study tested the effect of SP-D deficient mice
to γ-radiation. Their results showed that the absence of SP-D resulted in the induction of pro-inflammatory pathways,
especially RNS generated by i-NOS.214 The increased secretion of alveolar surfactant within hours following lung
radiation exposure was one of the first clinical manifestations of radiation-induced pneumonitis. In a rabbit radiation
model, it was suggested that serum surfactant apoprotein levels could serve as a biomarker of mortality.215 In a murine
model exposed to thoracic radiation, intranasal administration of a surfactant component one day post exposure secured
lung function, reduced inflammation and oxidative stress.216

Ion and Water Transport
AQP1 and AQP5 expression in rats that survived acute pneumonitis following a single dose of thoracic irradiation,
revealed that protein and mRNA levels were decreased after irradiation while, even though AQP5 was upregulated until
the second week post irradiation, AQP5 levels decreased 4-weeks post radiation exposure. This study suggested that both
AQP1 and AQP5 play an important role in the pathogenesis of radiation-induced lung injury.217 The role of AQP4 has
also been examined; in a murine model the left lung was exposed to a single dose of radiation, and subsequently the mice
were treated with an AQP4 inhibitor. Inhibition of AQP4 attenuated pneumonitis by reducing inflammatory and innate
immunity mediators.218 In order to examine the effect of radiation on the activity of Na, K-ATPase, adenocarcinomic
human alveolar basal epithelial cells were treated with ouabain, and then exposed to radiation. Na, K-ATPase activity
was inhibited in an ouabain-dependent manner, and drug treatment impaired radiation-induced cell cycle arrest.219

Transfusion-Related Acute Lung Injury (TRALI) Model
Transfusion-related acute lung injury (TRALI) is a type of acute lung injury characterized by non-cardiogenic pulmonary
edema and widespread leukocyte infiltration. The onset of TRALI is immediate, within the first 6-hrs following
transfusion of blood or blood products; however, it can be misdiagnosed as volume overload.220 The passive transfer
of granulocyte or lymphocytotoxic antibodies, or human leukocyte antigen (HLA)-specific antibodies may be responsible
for the recipient’s complement activation and, subsequently, pulmonary injury.221 Antibodies are not the only cause of
TRALI cases; the main theory explaining the development of TRALI is the “two-hit” hypothesis. This hypothesis
considers as the first “hit” the patient’s medical condition and, as the second, transfusion of blood products, other than
antibodies, that could modify the biological responses.204,222 Despite low mortality rates, TRALI is a leading cause of
transfusion-related morbidity and mortality.223

Animal models of TRALI have expanded our understanding of the underlying pathological mechanisms. Once again,
it should be noted that experimental animals cannot provide identical pathophysiological responses to TRALI as in
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critically ill patients, however these animal models have proven to be extremely valuable in such uncommon syndromes.
Depending on the hypothesis studied, different stimuli have been held accountable for developing TRALI. Hence,
TRALI animal models have facilitated the evaluation and confirmation of the different hypotheses proposed. Different
experimental strategies based on in vitro, in vivo, and ex vivo models have been explored, using both antibody and non-
antibody stimuli in the transfused blood. LPS or other agents can be used to mimic surgery, trauma, or infection as the
“first hit”, and subsequently the transfusion of anti-leukocyte antibodies or bioactive lipids serve as the “second hit”.224

Several published reviews have presented in detail the different experimental TRALI animal models and have discussed
the findings.222,225,226

Oxidative Stress
It has been demonstrated that stored blood components, and not fresh blood, can prime neutrophil NADPH oxidase
in vitro. The NADPH oxidase was exclusively activated by outdated plasma.227 A study using an in vitro model of
human microvascular endothelial cells demonstrated that anti-human neutrophil antigen-3a (HNA) antibodies mediated
severe TRALI, leading to increased ROS generation and endothelial barrier disturbance. Moreover, in the same study,
NOX2-deficient mice treated with anti–HNA-3a antibodies did not develop TRALI, indicating that endothelial cell–
derived ROS may affect the endothelial barrier integrity.228

NETs
The involvement of NETs in TRALI has been examined in a limited number of studies. A study examined whether
NETs formed in stored canine blood can act as mediators of TRALI incidences. The results indicated that NET markers
were increased in stored red blood cells, and demonstrated that leukoreduced red blood cells prior to storage, reduced
NET formation.229 Neutrophils play an important role in TRALI pathogenesis.230 In a neutrophil and platelet-dependent
mouse model of TRALI, NETs were present in the lung microvasculature and plasma. Treatment with aspirin decreased
NET formation and platelet deposition. Therefore, the authors suggested that NETs may promote lung injury in TRALI,
and that targeting NET formation or platelet activation could be protective.231 Another study on a “two-hit” TRALI
model showed that NETs were formed in the lungs of mice and that treatment with DNase I improved their condition.224

Ion and Water Transport
One of the main pathological pathways present in TRALI is the increased pulmonary capillary permeability. Fluid rich in
protein collected in the alveolar space, caused pulmonary edema.232 Inflammatory stimuli activated the pulmonary
endothelium and promoted the aggregation of neutrophils in the capillary space, leading to dysfunction of the lung
alveolar-capillary permeability barrier.233 A murine TRALI model of passive transfusion of major histocompatibility
complex (MHC) class I monoclonal antibodies exhibited increased lung vascular and epithelial permeability, decreased
alveolar fluid clearance, and prominent neutrophil sequestration.234

Influenza-Induced Acute Lung Injury Model
The influenza virus is an infectious respiratory disease microbe that causes seasonal epidemics and pandemics. In mild
infections, influenza affects the upper respiratory tract, while in more severe cases it affects the lower respiratory tract,
and can even lead to death. The severity of infection is linked to viral replication in the lower respiratory tract, which is
accompanied by significant inflammation caused by immune cell infiltration. Meanwhile, in more severe cases the
influenza infection can progress to pneumonia, and eventually ARDS and death.235–237

In order to develop an animal model of virus-induced lung injury, the selected laboratory animal should be able to
become infected by the pathogen, and replicate the clinical manifestations present in humans. Similarities in clinical
signs, histopathologic changes, viral growth kinetics, and transmission should be manifested in the chosen animal model.
If animal models are not naturally susceptible to infection, adaptation of the virus is performed in order to induce host
susceptibility. Among the different animal models, only ferrets, guinea pigs, and, to a lesser extent, hamsters have
exhibited efficient influenza virus transmission. However, due to cost and husbandry requirements, murine models are
mostly used.236,238
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Oxidative Stress
Mice lacking NRF2 showed impaired antioxidant regulation and induced lung inflammation when exposed to influenza
and cigarette smoke. It seems that NRF2 plays an important role in infection susceptibility and cellular protection.239 In
an in vitro influenza-induced acute lung injury model, the researchers used different influenza virus strains based on their
pathogenicity to infect the human lung cell line, A549. Proteomic analysis revealed that greater proteomic changes were
induced by the higher pathogenic influenza strains H5N1 and H7N9. More specifically, infection with the most
pathogenic strain, H5N1, and to a lesser extent, H7N9, resulted in reduced nuclear localization of phosphorylated
NRF2.240 Several agents have been shown to induce activation of the NRF2 pathway and exhibit anti-influenza cell
protective properties, which could be considered as novel therapeutic strategies.241–245

NOX2-deficient mice exposed to influenza exhibited reduced inflammatory infiltrations and improved lung function
when compared to control mice.246 In agreement with the above study, another study used two influenza strains with low
and high pathogenicity, H3N2 and H1N1, respectively, and infected wild-type and NOX2-deficient mice. The absence of
NOX2 reduced airway inflammation, oxidative stress, apoptosis, and viral titers, indicating that the combination of
NOX2 inhibitors and antiviral therapies could be an effective therapy against influenza infections.247 In a murine model
of influenza-induced lung injury, mice were challenged intranasally with inactivated H5N2 influenza virus triggering the
generation of ROS. In another set of experiments, mice mutant for NCF1, a major component of the NADPH oxidase
complex, were challenged with inactivated H5N2; this ameliorated oxidative stress and controlled the severity of lung
injury.248 In in vitro and in vivo experiments, human pulmonary carcinoma cell lines and murine primary airway
epithelial cells were exposed to H1N1. The expression of NOX2 was downregulated, while the expression of NOX4
was increased, acting as a major regulator of oxidative stress and viral replication.249 In contrast, NOX1 appeared to play
the opposite role to NOX4 and NOX2 in a study of mice infected with influenza A. At the early stages of infection,
NOX1 suppressed lung inflammation and reduced oxidative stress.250

NETs
Mice challenged with sublethal doses of influenza virus exhibited induced NET formation, particularly in the alveoli and
airways, as well as in tissue injury sites. Moreover, when neutrophils isolated from influenza-infected mice were co-
cultured with infected alveolar epithelial cells in vitro, NET formation was strongly up-regulated. The induced formation
of NETs in the lung air space promoted cytotoxicity, microvascular thrombosis, and was associated with alveolar damage
in influenza-induced pneumonitis.251,252 In another study, NETs were induced by the complement component C5a, and
treatment with an inhibitor of complement C5 activation resulted in reduced NET formation and amelioration of lung
inflammation.251,253 Furthermore, neutrophils isolated from healthy volunteers exposed to either seasonal H1N1 or the
highly pathogenic H5N1, exhibited varying NET formations; NETs were present only in H1N1-infected neutrophils,
while no NET formation was observed in H5N1-challenged neutrophils. However, in the H5N1-infected alveolar
epithelium, a greater neutrophil permeability was noticed. The absence of NET formation in H5N1 infection could
explain the varying pathogenesis of influenza infections.254

MAPK Pathways
Activation of the MAPK signaling pathways has been suggested to regulate host immune responses against influenza
infections.255 In various in vitro and in vivo studies that used different strains of influenza virus to develop influenza-
induced lung injury, MAPK signaling seemed to have an important role during infection. The levels of phosphorylated
JNK, p38, and ERK were induced, and this was associated with lung injury, modulation of the inflammatory response,
apoptosis, and viral replication.249,256–258 Different agents, including MAPK inhibitors, anti-oxidants, flavonoids,
monoclonal antibodies, as well as drug repositioning, have been tested as therapeutic strategies in models of influenza-
induced lung injury. All of these agents managed to reduce activation of the MAPK signaling pathways, which had
a protective effect on improving influenza-induced lung injury.243,244,259–269

Surfactant
As mentioned above, pulmonary surfactants have a critical role in the lung’s normal function and pathological processes.
Metabolomics analysis of serum, lung tissue, and BALF from influenza-infected mice revealed metabolome alterations
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during key phases of influenza-induced lung injury. Most of the altered metabolic pathways included pulmonary
surfactants, indicating a possible implication of pulmonary surfactants in respiratory failure progression and following
tissue restoration.270 Moreover, it was demonstrated that H1N1 infection changed the surfactant lipid metabolism of
alveolar type II cells, which could in turn promote surfactant impairment and contribute to acute lung injury
development.271 Therefore, several studies have examined the therapeutic potential of surfactant replacement in influenza
infections. Administration of surfactant lipids, surfactant nano-emulsions, and artificial surfactants have been tested in
different influenza-infected animal models. The results were positive, showing that surfactant administration prevented
and disrupted influenza infection, and preserved lung function.272–274

Ion and Water Transport
In an in vitro study, influenza A virus inhibited ENaC in rat alveolar type II cells, while in an in vivo set of experiments
using rat lungs, influenza reduced fluid transport across monolayers. It seems that the attachment of the virus to the
alveolar epithelial cells can facilitate infection establishment and, when it becomes overwhelming, can lead to ARDS and
even death.275 Influenza A virus impaired the function of Na,K-ATPase in the plasma membrane of human and murine
alveolar epithelial cells, and the lung epithelium of infected mice.276 In an in vitro study, infection of human alveolar
epithelial cells with the highly pathogenic strains H5N1 and H7N9 resulted in significant impairment of the alveolar fluid
clearance, and protein permeability compared to the lower pathogenic seasonal strains H1N1 and H3N2. Moreover,
H5N1 infection induced a greater down-regulation of Na,K-ATPase when compared to H1N1 infection. These differ-
ences were attributed to secreted factors from the alveolar epithelial cells rather than the virus strain.277 In a mouse model
of influenza A virus-induced lung injury, flavonoid extracts from the Lamiaceae plant Mosla scabra enhanced the
expression of AQP5. The induction of AQP5 expression was thought to be a mechanism for restoring water permeability
in the mice lungs, thereby reducing edema, inflammation, and apoptosis.261

Streptococcus (S.) pneumoniae-Induced Acute Lung Injury Model
Streptococcus pneumoniae is one of the primary causes of community-acquired pneumonia (CAP) worldwide, and also
has a role in Hospital-acquired pneumonia (HAP). Streptococcus (S.) pneumoniae, or pneumococcus, is a highly invasive
gram-positive bacterium responsible for high mortality rates worldwide. At least 97 S. pneumoniae serotypes have been
characterized, highlighting its high adaptability. Children, the elderly, and adults with comorbidities are at higher risk of
infection. Pneumococci first invade the host’s upper respiratory tract, where they colonize the nasopharyngeal epithelial
cells asymptomatically. If the pathogens are not cleared by the host immune defences, bacteria migrate to sterile tissues
and organs, causing pneumococcal diseases such as meningitis, bacteremia, and pneumonia.278,279 Pneumococcal
pneumonia is the main type of pneumococcal diseases. Bacteria migrating through the lower respiratory tract escape
the mucous defences and adhere to alveolar epithelial cells. Activation of immune responses, acute inflammation,
disruption of the alveolar epithelium, and fluid accumulation in the alveoli are some of the early stages of pneumonia
establishment.278,280,281

Several animal models of S. pneumoniae infection have been used to study infection progression, pathogenesis and to
explore novel vaccine and drug candidates. Although different animal models have been used in experimental
S. pneumoniae infection protocols, murine models are the most frequently encountered models, and have displaced
other animal models. Different S. pneumoniae strains result in different outcomes and, therefore, different aspects of the
infection can be studied.282 In order to achieve lung infection, different infection routes can be used, including
intratracheal or direct intrabronchial instillation, aerosol or intranasal aspiration, and intraperitoneal or intravenous
injection. Intranasal or aerosol exposure mimic the natural route of S. pneumoniae infection in humans. While procedures
that deliver the bacterial inoculum directly into the respiratory tree require more invasive techniques, they are more
effective for less virulent serotypes. Intranasal bacterial inhalation causes bronchopneumonia, while intratracheal
instillation leads to lobar pneumonia. In addition, high-virulent serotypes are able to cause pneumonia and bacteremia
in healthy mice. However, if a low-virulent serotype is used, immune-deficient animals are preferred.282,283
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Oxidative Stress
In in vivo, ex vivo and in vitro models, S. pneumoniae infection induced oxidative stress and NRF2 was activated. Moreover,
treatment with a NRF2 inducer restored the oxidative balance in the airway epithelial cells, suggesting a novel therapeutic
strategy in pneumococcal pneumonia.284 The role of NRF2 in host response was examined in a murine pneumonia model.
NRF2-deficient and wild-type mice were intratracheally instilled with S. pneumoniae, and afterwards gene profiling analysis
of the whole lungs and neutrophils was performed. Six hours post-instillation, NRF2-deficient mice exhibited greater bacterial
clearance and lower neutrophil aggregation; however, 24-hrs post-instillation, the accumulation of lung neutrophils was
greater in the NRF2-null mice, possibly due to the extent of lung injury and the absence of the cytoprotective effects of the
NRF2 gene.285 Moreover, in a pneumococcal model, mice deficient for the GP91phox subunit of the NADPH oxidase were
intratracheally challenged with S. pneumoniae. When compared to the wild-type mice, the GP91phox-null mice exhibited no
defect in bacterial clearance. The activation and accumulation of neutrophils was increased, however their presence did not
increase lung injury. These findings indicated that in pneumococcal pneumonia, NADPH oxidase can regulate the inflam-
matory response and is not responsible for bacterial killing.286

NETs
Exposure of murine neutrophils to different serotypes of S. pneumoniae resulted in NET formation; the extent of NET
formation was dependent on capsule thickness, and correlated with disease severity.287 The pneumococcal protein α-
enolase could also induce NET formation.288 NET formation was also examined in in vitro and in vivo models of
secondary S. pneumoniae infection after primary influenza infection. NET formation was induced, however NETs did not
protect against the secondary infection. NET formation correlated with excessive inflammatory response and alveolar-
capillary barrier dysfunction, determining disease severity.287,289 The elimination of bacterial infection by NETs seems to
be controversial. There are several studies reporting that proteins present on the S. pneumoniae surface enable bacteria to
escape from NET capture, allowing pneumonococcal migration to sterile sites.290,291

MAPK Pathways
In different pulmonary models of S. pneumoniae infection, pneumococcal challenge induced activation of MAPK
signaling, indicating that the host’s immune response after infection is at least in part MAPK-dependent. Several studies
have demonstrated that p38 and JNK are rapidly activated after pneumococcal infection, modulating lung cell activation,
inflammatory response, and caspase-dependent cell apoptosis. Treatment with MAPK inhibitors reduced lung inflamma-
tion, apoptosis, and pneumococci-dependent gene transcription.292–296 Moreover, in an in vivo model, young, mature,
and aged mice were intratracheally infected with S. pneumoniae. Alveolar macrophage JNK and p38 decreased with age,
while alveolar macrophage ERK activation increased with age following infection. These findings were attributed to age-
related TLR dysfunction in alveolar macrophages, which might explain the enhanced susceptibility to bacterial pneu-
monia in the elderly.297

Surfactant
The role of the surfactant layer has been examined in various animal models of S. pneumoniae infection. Surfactant proteins
have the ability to bind and agglutinate pneumococci. In an in vitro model using recombinant SP-D, SP-D was capable of
binding to most pneumococci, however different serotypes aggregated to a different extent.298 Intranasal exposure of
S. pneumoniae to SP-D-deficient mice resulted in persistent bacterial inoculation, inflammatory response in the airways,
early onset of bacteraemia, and dysfunctional bacterial clearance.299 Increased levels of SP-D were found in the BALF of
infected mice, while morphologic injuries were detected only in type II alveolar cells and not type I cells in the first three days
following infection.300 Moreover, the regeneration of the alveolar epithelium was investigated in mice recovering from
S. pneumoniae infection. The alveolar epithelial type II cells expressing SP-C exhibited increased activity during infection,
resulting in regeneration of the alveolar epithelium. Increased alveolar epithelial type II cell proliferation was observed within
7-days post-infection, while the differentiation of alveolar epithelial type II cells to type I occurred during the resolution of
lung inflammation.301

Journal of Inflammation Research 2022:15 https://doi.org/10.2147/JIR.S282695

DovePress
3517

Dovepress Keskinidou et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Ion and Water Transport
In a rat model of S. pneumoniae infection, the expression of AQP5 was decreased by 70% 24-hrs post-infection in lung
tissue. AQP5 levels increased three days after infection, without exceeding the control levels.300 In a study using
ventilated and blood-free perfused murine lungs challenged with a virulent S. pneumoniae factor, an early onset of
pulmonary microvascular barrier function impairment and severe pulmonary hypertension was observed.302 In an ex vivo
model of perfused human lungs exposed to a high dose of S. pneumoniae, either intravenously in order to reproduce
a bacteremia model, or through direct bacterial instillation into the distal airspaces, mimicking a pneumonia model, the
injury induced to the alveolar epithelium was examined. In contrast to the pneumonia model, in the bacteremia model the
alveolar epithelial permeability remained intact, no alveolar edema was detected, while alveolar fluid clearance was not
impaired. Based on these results, it was proposed that the lung and alveolar epithelium is resistant to bacteremia, and has
the ability to rapidly clear bacteria from the lungs, protecting them from lung injury development.303 Finally, in an
in vitro model using human lung microvascular endothelial cells, induction of cells with a S. pneumoniae virulence factor
revealed a protective role of ENaC in restoring capillary barrier function, presenting a novel therapeutic approach for
improving barrier function during pneumonia.304

Coronavirus-Induced Acute Lung Injury Model
Prior to the ongoing coronavirus infectious disease (COVID-19), caused by the severe acute respiratory coronavirus 2
(SARS-CoV-2), two other coronavirus outbreaks, the severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002,
and the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012, had emerged. All of these viruses belong to the
Coronaviridae family, β-coronaviruses genus, and result from zoonotic coronaviruses. The infections share some clinical
manifestation similarities and dissimilarities. The SARS-CoV outbreak caused the most severe disease with the highest
mortality rate. The outbreak was quickly restricted, mainly due to insufficient transmission. Afterwards, the MERS-CoV
outbreak had an extremely high mortality rate (around 34%), however the outbreak was also quickly contained.305 Several
genetic variants of SARS-CoV-2 have emerged since the beginning of the pandemic. Increased virus transmissibility,
advanced host immunity, and vaccine-induced immunity escape viral mechanisms, highlight the importance of vigilance.306

Coronavirus animal models should provide information about virus transmission, prevention, pathogenesis, and
treatment. One of the main parameters that should be considered when developing a coronavirus animal model is that
the animals should express the same receptors the virus uses to invade humans. Moreover, basic clinical manifestations
and disease severity should be reproducible in the chosen animal model. Transgenic animals (primarily murine models),
virus-adapted animals, and immune-deficient animals can be used to mimic clinical manifestations as closely as possible.
Small animals, including murine models and ferrets are suitable for therapeutic and pathogenesis studies. Non-human
primates are closer to the immune and genetic profile of humans and, therefore exhibit similar pathophysiological
responses. However, non-human primates are harder to maintain and are not cost-efficient. For SARS-CoV, ferrets and
non-human primate models reproduced better the clinical symptoms and immunohistochemistry observed in infected
humans. Transgenic mice, rhesus macaques, and marmosets are the most frequently used animal models for MERS-CoV.
Murine models have been used to examine molecular mechanisms, pathogenesis, and vaccine development induced by
SARS-CoV-2. Furthermore, in vitro models, primary cell cultures, and organoids have been an important tool in
understanding the SARS-CoV-2 infection progression.307,308

NETs
In intranasally SARS-CoV-2-infected hamsters, induced NET formation in the lungs was observed 3-days post-infection,
which remained increased until day 6 post-infection. NET formation was associated with vascular pathology, including
endotheliitis and vasculitis.309 In SARS-CoV-2-infected hamsters, treatment with disulfiram, a drug used in alcohol use
disorder, reduced NETs, neutrophil infiltration in the lungs, and perivascular fibrosis, however did not affect viral clearance.
Disulfiram improved the histology of the infected lungs, implying a potential therapeutic benefit in COVID-19 treatment.310
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MAPK Pathways
SARS-CoV can activate the p38 signaling pathways.311–313 The entry of SARS-CoV into the cells resulted in the
cytoplasm transportation of the protein syntenin, which binds to the E envelope protein of SARS-CoV, leading to
overexpression of inflammatory cytokines, through the activation of the p38 pathway. Both silencing of syntenin and
infection with a recombinant SARS-CoV lacking the E envelope protein decreased p38 activation and the inflammatory
response. Moreover, treatment with a p38 inhibitor increased the survival rates of the SARS-CoV-infected mice.311 The
involvement of p38 in SARS-CoV infection has also been demonstrated by an in vitro and in vivo study, which showed
that p38 was implicated in the pro-fibrotic response.314 In a COVID-19-mimic mouse model, treatment of mice with p38
and ERK inhibitors reduced the BALF cytokine levels and neutrophil infiltration.315

Surfactant
Among the differentially expressed genes that contribute to acute lung inflammation following lethal and sublethal doses
of SARS-CoV, decreased expression of surfactant proteins was observed in infected mice.316 Proteomic analysis of
hamster lung tissues infected with SARS-CoV-2 revealed altered expression of surfactant proteins at early stages of
infection (4-days post-infection), when compared to mock controls. This indicates dysregulated surfactant metabolism
following viral infection.317 An in vitro study using a recombinant fragment of human SP-D examined its therapeutic
potential in SARS-CoV-2 infection. The recombinant fragment of human SP-D had the ability to restrict the interaction
of the viral S1 spike protein with cells overexpressing the human angiotensin converting enzyme 2 (hACE2). This
suggested that recombinant SP-D had a protective role against SARS-CoV-2, acting as a viral entry inhibitor.318

Ion and Water Transport
An in vivo murine model of SARS-CoV infection examined the pathogenesis differences between young and adult
infected mice. Infected adult mice exhibited early and exacerbated acute pro-inflammatory responses in the lungs, which
were accompanied by severe pulmonary edema and diffuse alveolar damage, leading to lethal respiratory illness. On the
contrary, young mice were relatively resistant to the virus, and did not develop a severe respiratory illness.319 Moreover,
pulmonary edema formation was observed in the lungs of MERS-CoV-infected non-human primate animal models.
However, the degree of the pulmonary edema, as well as the disease severity, was different between the two models. In
the lungs of infected rhesus macaques, focal interstitial pneumonia and pulmonary edema developed, mimicking the
pathological processes in mild MERS-CoV infections. On the other hand, the edema that developed in the common
marmoset lung tissue was widespread with diffused neutrophil infiltration and fibrinous exudates, rendering it a more
acute and severe infection model.320 Finally, the role of aquaporins in the pathophysiology of SARS-CoV-2 infection was
examined in an in vivo study. Immunohistochemical staining of AQP1 in hamster lung samples infected with SARS-CoV
-2 revealed that perivascular edema formation was associated with a decline in AQP1 expression. Three days post-
infection, AQP1 expression was completely reduced in vessels with edema. AQP1 seemed to have a key role in
paracellular leakage and edema formation in SARS-CoV-2 infections.321

Table 1 lists the major findings of the studies on the lung injury mechanisms discussed in the models presented.

Clinical Acute Lung Inflammation - Acute Respiratory Distress Syndrome
(ARDS)
Contrary to induced lung injury experimental models, the cause of ARDS in clinical studies is not easily recognizable.
However, understanding the causative insults that lead to the clinical manifestations is a very useful tool in diagnosis and
treatment strategies. Throughout this section of the review, we present clinical studies that have explored the selected
mechanisms.

Figure 1 depicts the key mechanisms of lung injury discussed in this review that contribute to the progression of
ARDS.
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Table 1 Major Aspects of the Lung Injury Mechanisms in Experimental Models

Lung Injury

Mechanisms

Experimental Models

VILI Sepsis I/R Smoke Acid Radiation TRALI Influenza S. pneumoniae Coronavirus

Oxidative

Stress

Increased NADPH

oxidases

Increased ROS

production26–35

Increased NADPH oxidases

Increased ROS production94–101
Increased NADPH

oxidases

Increased ROS

production130–139

Increased NADPH

oxidases

Increased ROS

production167–172

Increased NADPH

oxidases

Increased ROS

production189–191

Increased NADPH

oxidases

Increased ROS

production206–210

Increased NADPH

oxidases

Increased ROS

production227,228

Increased NADPH

oxidases

Increased ROS

production239–250

Increased NADPH

oxidases

Increased ROS

production284–286

-

NETs Increased NET

formation38,42–46
Increased NET formation102–105 Increased NET

formation140,141
Increased NET

formation173,174
Increased NET

formation192
- Increased NET

formation224,229–231
Increased NET

formation251–254
Increased NET

formation287–291
Increased NET

formation309,310

MAPK

Pathways

Activated MAPK

pathways51–56
Activated MAPK

pathways56,106–109
Activated MAPK

pathways142–147
Activated MAPK

pathways175–179
Activated MAPK

pathways193,194
Activated MAPK

pathways211–213
- Activated MAPK

pathways243,244,249,255–269
Activated MAPK

pathways292–297
Activated MAPK

pathways311–315

Surfactant Surfactant

impairment62–66
Surfactant impairment110–113 Surfactant

impairment148–154
Surfactant

impairment180–184
Surfactant

impairment195–198
Surfactant

impairment214–216
- Surfactant

impairment270–274
Surfactant

impairment298–301
Surfactant

impairment316–318

Ion &

Water

Transport

Altered expression

and function of

AQPS & ion

channels72,77–84

Altered expression and function

ofAQPS& ion channels72,114–125
Altered expression and

function of AQPS & ion

channels125,143,144,155–159

Altered function of

ion channels185
Altered expression and

function of AQPS & ion

channels72,199–202

Altered expression

and function of AQPS

& ion channels217–219

Impaired

permeability232–234
Altered expression and

function of AQPS & ion

channels261,275–277

Altered expression and

function of AQPS & ion

channels300,302–304

Altered expression

and function of AQPS

& ion channels319–321

Note: Superscirpt numbers represent the cited references.
Abbreviations: AQPs, aquaporins; I/R, ischemia/reperfusion; MAPK, mitogen activated protein kinase; NADPH, nicotinamide adenine dinucleotide phosphate; NETs, neutrophil extracellular traps; ROS, reactive oxygen species;
S. pneumonia, Streptococcus pneumoniae; TRALI, transfusion-related acute lung injury; VILI, ventilator-induced lung injury.
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ARDS in the ICU
Mechanical ventilation is the most important therapeutic intervention in critically ill patients with respiratory failure
admitted in the ICU. Although mechanical ventilation is a life-saving procedure, the mechanical pressures, gas volumes
and concentrations, and the ventilator rates exceed the ones physiologically applied, causing lung injury. The common
element of the pathophysiological mechanisms is the initial volutrauma and barotrauma in the alveolar units.322 This
entity is clinically known as ventilator-associated lung injury (VALI), which resembles the experimental findings of
ventilator-induced lung injury (VILI). However, as mentioned, in clinical practice it is difficult to determine the initial
causative insult that leads to ARDS development, and clinical trials examining whether different mechanical ventilation
strategies cause ARDS are not feasible. Therefore, the contribution of VALI to ARDS progression cannot be defined.
There are no clinical manifestations in VALI diagnosis, and the relationship between ARDS and VALI is not clearly

Figure 1 Key mechanisms of lung injury that contribute to the progression of acute lung inflammation/acute respiratory distress syndrome (ARDS).
Notes: Pulmonary and extrapulmonary stimuli causing lung injury induce physiological changes and related host’s responses, and when the response becomes overwhelming, ARDS
is established. (I) Stimuli can shift the balance towards pro-oxidant release, leading to oxidative damage as a result of accumulation of oxygen free radical. (II) Activated neutrophils
aggregate in the pulmonary microvasculature, interstitium, and the alveoli, releasing neutrophil extracellular traps (NETs). (III) These generated extracellular fibers consist of
granule proteins and histones. Extracellular signals trigger the activation of mitogen-activated protein kinase (MAPK) signaling pathways, promoting cellular responses important for
the cell’s fate. (IV) The maintenance of lung surfactant integrity is important for the prevention of alveolar collapse. Lung injury-induced compounds disrupt the integrity of the lung
surfactant layer and impair its protective function. (V) Damaged capillary and alveolar walls exacerbate pulmonary edema formation by increasing the alveolar–capillary barrier
permeability.Water and ion transportation homeostasis is disturbed. The expression and function of the water channels termed aquaporins (AQPs), is differentially regulated based
on the type of injurious insult. Moreover, impaired edema clearance negatively affects ion transportation and fluid reabsorption. The image is adapted from Vassiliou AG, Kotanidou
A, Dimopoulou I, Orfanos SE. Endothelial Damage in Acute Respiratory Distress Syndrome. Int J Mol Sci. 2020;21(22):8793. doi:10.3390/ijms21228793.67 © 2020 by the authors.
Licensee MDPI, Basel, Switzerland. Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
Abbreviations: ERK, extracellular signal-regulated kinase; JNK, C-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MKK, MAPK kinase; MKKK, MAPK
kinase kinase; NET, neutrophil extracellular trap; RNS, reactive nitrogen species; ROS, reactive oxygen species.
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understood.323,324 A better understanding of ARDS mechanics could provide new insights in mechanical ventilation
strategies that could help eliminate the risk of ventilator-associated complications.

ARDS is characterized by an acute lung inflammatory response. Therefore, it is considered the most appropriate
clinical syndrome to study pathogenic mechanisms of lung inflammation. Based on the revised Berlin Definition, ARDS
is a heterogeneous syndrome characterized by an acute onset, distinctive radiographic findings, and increased mortality.
The categorization criteria use the level of patients’ hypoxemia to define the severity of ARDS as mild, moderate, or
severe. Diffuse alveolar damage, which is pathophysiologically translated into edema formation, inflammation, and
hyaline membrane formation, is one of the main morphological features of ARDS.325 Several direct and indirect lung
injury etiologies increase the risk of ARDS development. Sepsis, ischemic periods followed by reperfusion, aspiration,
toxic inhalation, and radiation are inciting events that lead to ARDS.326

Oxidative Stress
Excessive production of reactive oxygen intermediates contributes to endothelial cell damage, loss of endothelial barrier
integrity, and pulmonary edema formation, which aid in ARDS progression.327 In ARDS, exogenous derived sources,
such as mechanical ventilation, and endogenous, such as an injured endothelium, activated neutrophils in the lungs,
parenchymal cells, and circulating oxidant-producing enzymes, are thought to be the primary causes of ROS-mediated
lung injury.17 At the early stages of ARDS, NOX1 expression levels are increased in the alveolar epithelium of ARDS
patients, and NOX1 is partially associated with lung epithelial cell death.328 Several genetic variants have been linked
with ARDS susceptibility and mortality. In particular, a single nucleotide polymorphism (SNP) in the NRF2 gene
(NFE2L2-rs6721961) has been associated with an increased 28-day mortality risk in ARDS patients.329

NETs
One of the major ARDS hallmarks is the accumulation of activated neutrophils in the pulmonary microvasculature,
interstitium, and the alveoli. Neutrophils are the first line of the host’s defense against pathogens. In ARDS, the activation
and migration of neutrophils to the sites of inflammation is achieved through chemotaxis, as a result of the secreted pro-
inflammatory cytokines and chemokines.330 NETs have been associated with disease severity and outcome in several
diseases, like pneumonia, sepsis and ARDS.331,332

MAPK Pathways
Transcriptional profile analysis of neutrophils from ARDS patients revealed that MAPK pathways have a key role in
ARDS pathogenesis. The p38 MAPK pathway is one of the main canonical pathways of neutrophil gene signatures in
ARDS.333,334

Surfactant
Respiratory distress syndrome in preterm infants is the most common surfactant-deficient disorder. Although in neonates it
can be treated with exogenous surfactant administration, in adults with ARDS, this approach has not proven successful.335,336

The lungs of preterm neonates differ developmentally from adults. Exogenous surfactant replacement therapy in adult
patients with ARDS is still a work in progress. Until now, all clinical trials examining surfactant replacement therapy in adult
patients has not resulted in improvement in the patients’ oxygenation or mortality. In future large clinical trials, factors such
as dosing, delivery route, timing, and novel pharmaceutical surfactants should be examined.60,337–339 In a post hoc analysis of
five studies with recombinant surfactant therapy in ARDS patients, the subgroup of patients with severe ARDS due to
pneumonia or aspiration showed improved oxygenation and reduced mortality.340

Ion and Water Transport
Exacerbated pulmonary edema formation has been associated with adverse outcomes in ARDS patients.341 A SNP
present in the AQP5 promoter in patients with ARDS has been associated with reduced inflammatory responses and
improved survival.342 ARDS patients with the highest alveolar fluid clearance rates had a significantly lower mortality
risk and required a shorter period of mechanical ventilation support.343 In a Phase II clinical trial, inhalation of an
enhancer of epithelial sodium channels in mechanically ventilated ARDS patients, reduced the extravascular lung water
index of ARDS patients with a Sequential Organ Failure Assessment (SOFA) score ≥11.344
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Sepsis-Induced ARDS
Sepsis is a life-threatening and heterogeneous syndrome. Important cellular pathways are activated, including both pro-
and anti-inflammatory, coagulant, metabolic, and hormonal, and when the phenomena are overwhelming, they could lead
to organ dysfunction and failure. Septic shock is a subtype of sepsis defined by dysregulated circulatory and cellular
functions and an increased mortality risk.85,345,346 Sepsis is a major risk factor for ARDS development and is associated
with worse clinical outcomes.347,348 Currently, there is no specific treatment approved for sepsis. Therefore, prognostic
biomarkers and molecular and metabolomic signatures could aid the early diagnosis of sepsis, as well as the identification
of patients at risk for ARDS development.85,349,350

Oxidative Stress
Ten SNPs have been associated with the likelihood of ARDS establishment in septic patients, seven of which are located
in histone marks or in transcriptional sites, and one in the NRF2 promoter region.351

NETs
As mentioned above, NETs have an important role in sepsis. Sepsis-induced ARDS patients had higher NET levels than
healthy controls and septic patients, and furthermore NET formation was associated with ARDS severity and adverse
outcome. Moreover, lower circulating levels of DNase I has been linked to the development of sepsis-induced
ARDS.105,352

MAPK Pathways
Analysis of the datasets of blood polymorphonuclear neutrophils (PMNs) from patients with ARDS and from sepsis
patients, showed a total of 220 differential expressed genes that overlapped between the two groups. Among the key
identified genes and pathways were the MAPK signaling pathways.353

Surfactant
Several studies and clinical trials have investigated the effect of surfactant replacement as a therapy in sepsis-induced
ARDS. However, like in ARDS caused by other stimuli, the results were disappointing. In all studies, surfactant
administration was well tolerated, yet a significant clinical benefit was not reported.354–356

Ion and Water Transport
Patients with septic shock and ARDS had lower rates of alveolar fluid clearance compared to patients with septic shock
without ARDS.357 In a study examining AQP1 expression in septic patients admitted to the ICU, some of whom
developed ARDS, AQP1 levels were induced in leukocytes of patients with ICU-acquired sepsis, and the highest
expression was exhibited in septic shock.358 Additionally, one SNP and one epigenetic modification present in the
promoter of AQP5 have been associated with sepsis mortality.359,360

Ischemia/Reperfusion
As mentioned above, the disruption of blood circulation or ventilation results in an oxygen shortage that leads to tissue
hypoxia and cell death. Restoration of blood and oxygen supply may worsen the injured lungs by introducing
inflammatory and oxidative stress mediators to the former ischemic tissue. These mediators can also travel through the
circulation to distant organs and cause systemic inflammation and multiple organ failure. Non-cardiogenic pulmonary
edema, oxygenation impairment, and radiographic findings similar to ARDS characterize lung ischemia/reperfusion
injury.361,362 A clinically significant type of I/R is lung transplantation and allograft rejection. Primary lung graft
dysfunction is a complication after lung transplantation that increases the patient’s risk of morbidity and mortality.
Like other lung injuries with an acute onset, it develops in the first few days after lung transplantation and is
characterized by edema formation, hypoxemia, and pathological radiographic patterns.363

NETs
BALF and plasma from patients who underwent lung transplantation revealed that in the first 24-hrs after transplantation,
patients who developed more severe forms of primary graft dysfunction had higher levels of NETs in their BALF
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compared to those who did not experience primary graft dysfunction. The extracellular DNA levels in the plasma
remained unaltered before and after transplantation.140

Surfactant
Lung transplantation disturbed surfactant function shortly after transplantation; this dysfunction persisted in a long-
term course in the lungs of the transplant recipients.364 Contrary to ARDS and sepsis, surfactant replacement therapy
in patients who underwent lung transplantation improved the impaired surfactant function, the clinical parameters
post reperfusion, including oxygenation, ventilation period, boosted post-transplantation recovery, and
prognosis.365–368

Ion and Water Transport
A study investigated the role of the alveolar epithelium in reperfusion edema following orthotopic lung transplantation. It
was revealed that the cause of the pulmonary edema induced post-transplantation was attributed to increased alveolar–
capillary barrier permeability. However, in the majority of the included patients, alveolar epithelial fluid transport was
preserved and did not improve recovery. The extent of the edema was correlated with the graft’s ischemic preservation
period.369

Smoke Inhalation
Fire accidents, terrorist attacks, and military operations are the main causes of smoke inhalation-induced lung injuries.
Inhaled products from the incomplete combustion of carbon, hot vapors, toxins, dust, and airborne microparticles result
in airway and pulmonary injury, and the worst scenario could lead to ARDS development. The time of exposure, the
inhaled mixture consistency, and the host’s parameters determine damage severity.160–162 Smoke inhalation injuries
remain a complex clinical problem. The mechanisms are not fully understood and the improvement in mortality rates is
attributed rather to advances in critical care medicine practices rather than smoke targeted treatments.370

To our knowledge, no studies exist on clinical acute lung inflammation and the mechanisms we have selected to
present. Hence, we will briefly discuss reviews that have dealt with the selected mechanisms in chronic illness caused by
tobacco smoke.

Oxidative Stress
The role of NRF2 and NADPH oxidases in human studies of inflammation and chronic lung illnesses caused by tobacco
smoke have been extensively reviewed.371,372

MAPK Pathways
The review by Tamimi et al examined the clinical implications of tobacco smoke exposure on chronic lung diseases and
the activation of MAPK signaling pathways, as well as possible therapeutic implications.373

Surfactant
Pulmonary surfactant levels are negatively affected by tobacco smoke. The cited review provides a thorough under-
standing of the impact of surfactant dysfunction in chronic lung diseases.374

Acid Aspiration
Aspiration-induced lung injury is a clinically relevant complication among critically ill patients in the ICU and can cause
ARDS. The diagnosis of aspiration-induced lung injuries in patients still remains elusive, as does a standard therapeutic
scheme.7,186,188 Acid aspiration lung injury is characterized by two distinct yet difficult to distinguish clinical entities;
aspiration pneumonitis and aspiration bacterial pneumonia. The difference lays in the presence of pathogens in the
aspirated gastric contents. Critically ill patients have a great susceptibility to aspiration. Parameters such as the patient’s
positioning and nasogastric intubation increase the risk of aspiration and aspiration pneumonia.188,375,376 Relatively little
research has been carried out in the lung injury mechanisms discussed in the present review in adult patients with
aspiration-induced lung injury.
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NETs
One study investigated the relationship of NET formation and acid aspiration-induced ARDS; the data showed that NET
levels in gastric acid aspiration-induced ARDS patients are associated with disease severity.192

Radiation
As mentioned above, there is an early response and a late response following irradiation, called acute pneumonitis and
fibrosis, respectively. Patients who received ionizing treatment may not experience symptoms of pneumonitis at first,
however they later develop fibrosis.203,204 Radiation-induced lung injury is caused by two distinct mechanisms; the first
is induced by the cytokines released at the site of radiation, causing radiation-induced pneumonitis. The second is known
as sporadic radiation pneumonitis, and is the result of innate immunity activation as a response to localized lung exposure
to radiation.377 One of the first studies that linked radiation-induced lung injury and ARDS was about two case reports.
These patients briefly after radiation exposure suffered from respiratory failure, hypoxemia, and diffuse bilateral
infiltrates.378 In another study, a neural network model consisting of 235 patients with lung cancer was used in order
to predict the possibility of lung radiation-induced pneumonitis development.379 New radiotherapy techniques and
engaging advances in radiotherapy could improve the impact of radiation on the lungs, and minimize the radiation-
induced pulmonary damage.380

Transfusion-Related Acute Lung Injury (TRALI)
The majority of TRALI incidences occur during surgeries and in the ICU. Patients who develop TRALI, apart from
pulmonary edema, display ARDS symptoms accompanied by hypoxemia and hemodynamic abnormalities.221 Up to
date, the underlying mechanisms accountable for TRALI are not clear, however neutrophil activation seems to be the
driving force. Neutrophils’ interaction with the lung endothelium causes an increase in capillary leakage, neutrophil
infiltration into small pulmonary vessels and capillary vasculature, and the formation of interstitial and intra-alveolar
edema. Several hypotheses have been proposed in order to explain the pathophysiological events leading to TRALI, in
which at least six different pathways of antibody-mediated TRALI are involved.381 Both recipient’s/ patient’s and
donor’s factors may be involved in the pathogenesis of TRALI, including the patient’s underlying condition and genetic
susceptibility, leukocyte antibodies, cytokines, lipids, and factors that promote pulmonary endothelial cell
permeability.382

Oxidative Stress
NADPH oxidase activity was shown to be elevated in the serum of TRALI patients.383

NETs
Increased NET formation and biomarkers were present in the plasma of patients who developed TRALI.224,231

Surfactant
A case report of a neonate who was diagnosed with TRALI following exchange transfusion for hyperbilirubinemia
showed that after surfactant replacement, the patient’s condition improved indicating a possible therapeutic intervention
for TRALI patients.384

Influenza
The first stage of influenza A infection is the insult of the epithelium of the airway and the alveoli where the virus
replicates; at the same time the first immune response mechanisms are activated, triggering a cytokine storm. Following
this, the adaptive immune defences are stimulated in order to promote viral clearance. The robust activation of the
immune responses causes damage to the alveolar endothelial and epithelial cells. Post-mortem lung examination of
deceased patients has revealed diffused alveolar damage. Finally, when immunity against the infecting virus strain
develops, restoration and regeneration of the damaged lung tissue occurs. During this time, the risk of a secondary
bacterial infection is increased.385
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Oxidative Stress
The expression of NRF2 and HO-1, and the production of ROS were elevated in human transdifferentiated alveolar
epithelial cells infected with influenza A virus. Overexpression of NRF2 reduced viral replication and oxidative stress,
indicating that NRF2 has a protective role by inducing the expression of antioxidant genes.386

NETs
Hospitalized patients with severe H7N9 and H1N1 influenza infections exhibited increased plasma levels of NET
formation and NET markers on admission day, which positively correlated with infection severity and poor
prognosis.387 Increased NET markers, cell free DNA and histone-bound DNA were present in the BALF and serum of
patients with severe H1N1 infection. The high plasma NET levels could discriminate between severe and mild infections,
while even higher NET levels could be used as prognosis markers.388

Surfactant
In influenza A infected patients, genetic variants of the SP-A2 gene were associated with the need for mechanical
ventilation, ARDS progression, and infection severity.389 A SNP in the SP-B gene was associated with the severity of
influenza A infection in a Chinese population.390 Moreover, a gene expression profile analysis of the lungs of deceased
H5N1 influenza-infected patients revealed that pulmonary SP-D was downregulated; this was also confirmed by
quantitative RT-PCR. SP-D levels were considerably lower in influenza-infected lungs than in ARDS lungs, suggesting
a possible role in pathophysiology.391 However, in a recently published study, serum levels of SP-D were found to be
elevated in severe pandemic influenza patients and furthermore, SP-D could be used as a biomarker to distinguish severe
influenza A infection from COVID-19.392

Streptococcus (S.) pneumoniae
Different pneumococcal serotypes are responsible for different clinical manifestations and disease severity. For
example, infection with some serotypes leads to invasive disease, and with others to lobar pneumonia; some serotypes
are more prevalent in specific age groups.283 S. pneumoniae vaccine development and the implementation of children
vaccination strategies, has altered the serotypes that cause invasive pneumococcal disease among adults. These new
invasive serotypes are mainly those not included in the vaccines, and are associated with disease severity and an
increased risk of sepsis progression.393 Pneumonia is one of the leading causes of hospitalization and mortality
worldwide. Since this review does not focus on pathogens and their related mechanisms, we chose to explore
S. pneumoniae, which is among the pathogens that can infect the lower respiratory tract and cause pneumonia.
Two of the most common categories of S. pneumoniae-induced disease are hospital-acquired pneumonia (HAP) and
community-acquired pneumonia (CAP).394 In HAP, the infection in the lower tract occurs within 2-days post-
admission, while in CAP, infection of the lungs is acquired outside of a hospital setting.394,395 Critically ill patients
are at a very high risk of developing HAP, which increases hospitalization length, mortality, and sepsis development
risk.393,395 It is worth mentioning that in the ICU, HAP is more frequently caused by hospital-acquired gram-negative
bacilli and Staphylococcus aureus (including methicillin-resistant strains). S. pneumoniae is the main pathogen
responsible for CAP. Another clinically relevant phenomenon is secondary bacterial infection following influenza
A infection. Pneumococci take advantage of the dysregulated lung physiology and the changes in host immune
responses in order to invade and cause a bacterial super-infection.396

Oxidative Stress
Gene expression analysis of septic patients secondary to CAP revealed differential expression of NADPH oxidase genes.
Distinct gene expression patterns were observed in survivors and deceased patients.397

NETs
Patients with CAP exhibited increased admission serum levels of cell-free nucleosomes markers of NETosis. This
pronounced NET formation was associated with prolonged hospitalization and adverse patients’ outcome.331
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Surfactant
Genetic variability, SNPs and several haplotypes, in the genes of surfactant proteins have been shown to modulate the
susceptibility and outcome of CAP patients.398 Serum levels of SP-D have been proposed as a biomarker of CAP severity in
pediatric patients. Elevated SP-D levels were detected in critically ill patients and were correlated with severity scores.399

Coronavirus Infectious Disease 2019-Induced ARDS
SARS-CoV-2 and SARS-CoV have greater structural and pathogenicity similarities than MERS-CoV. The symptoms
include fever, cough, fatigue, and myalgia. In patients with more severe symptomatology, worsening of dyspnea and
hypoxemia can lead to ARDS development.305 In the early phases of SARS-CoV infection, diffuse alveolar damage is
observed, which in later phases can be accompanied by acute fibrinous and organizing pneumonia (AFOP). The
histological changes induced by MERS-CoV consist of diffuse alveolar damage, hyaline membranes, pulmonary
edema formation, and interstitial pneumonia.400 Apart from the involvement of the respiratory and immune systems in
the SARS-CoV-2 infection, other systems, such as the cardiovascular and central nervous systems, are also affected.
Prominent characteristics of coronavirus disease 2019 (COVID-19) are the inflammatory response and
endotheliopathy.401–403 Severe COVID-19 infection is usually accompanied by an increase in cytokine levels, which
many have identified as a distinct SARS-CoV-2 symptom. However, several studies have compared the cytokine levels in
severe COVID-19 and non-COVID-19 inflammatory syndromes, such as ARDS and sepsis and have found their levels
comparable.404,405 Histopathologic findings in the lungs of SARS-CoV-2 patients are similar to those described above for
SARS-CoV and MERS-CoV. Diffuse alveolar damage is the predominant histopathologic finding, followed by hyaline
membrane formation, and, in a later phase, edema and fibroblast proliferation. The elderly and patients with comorbid-
ities are at risk of developing more severe disease.406–408

The novel disease, COVID-19, is caused by SARS-CoV-2. While COVID-19 usually manifests with mild symptoms
and signs, about 10 to 20% of patients rapidly progress to ARDS, and multiple organ dysfunction, requiring treatment in
the ICU.

Oxidative Stress
Soluble levels of NOX2-derived peptides have been shown to be elevated in COVID-19 patients and NOX2 activation
has been associated with disease severity.409 It has also been suggested that dysregulated NOX-dependent signaling
pathways prior to SARS-CoV-2 infection, are associated with COVID-19 disease severity and outcome.410 Several
published reviews have investigated the role of the NRF2 signaling pathway in COVID-19. The suggested therapeutic
strategies based on NRF2 activators include restoring oxygenation balance and suppressing inflammation-induced
responses.411–414 In lung biopsies of deceased COVID-19 patients, NRF2 expression was suppressed.415

NETs
Several studies have highlighted the important role of NET formation in patients with ARDS secondary to COVID-19.416–418

High levels of NETs were present in the lower respiratory tract and peripheral blood of critically ill COVID-19 patients.419–421

Uncontrolled NET formation exacerbated alveolar and endothelial lung damage, triggered hyperinflammation and immuno-
thrombosis, and adverse outcomes in critically ill COVID-19 patients.422–425 Elevated levels of cell-free DNA and specific
markers for NET remnants, myeloperoxidase-DNA, citrullinated histone H3, and high anti-NET activity in the IgG and IgM
fractions were found in the serum of hospitalized COVID-19 patients. These findings correlated with several clinical and severity
parameters.426,427 Novel therapeutic strategies for severe COVID-19 targeting NETs have been proposed, yet further studies and
clinical trials need to be carried out.425,428–431

MAPK Pathways
In COVID-19, SARS-CoV-2 induces p38 activity in order to support its replication. p38 mediates uncontrolled pro-
inflammatory cytokine production, pulmonary edema formation and, in the worst scenario, could lead to ARDS
development and death.432–435 Several p38 inhibitors have been examined as pharmacological therapies in ARDS, and
might also provide therapeutic benefit in COVID-19 patients.433,436
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Surfactant
A study showed that SP-D was significantly elevated in SARS-type pneumonia, impelling the authors to propose that
monitoring systemic SP-D may be useful in monitoring the alveolar integrity in SARS-type pneumonia.437

Transcriptome analysis of lung biopsies from COVID-19 patients revealed that genes implicated in lung surfactant
metabolism are dysregulated. In drug enrichment analysis conducted by the same researchers, it was suggested that
surfactant replacement is a possible therapeutic strategy in COVID-19 patients.438 Several studies have investigated the
effects of surfactant therapy in patients with COVID-19-induced ARDS. The results were encouraging,439–441 contrary
to the effect of surfactant replacement therapy in ARDS patients. This difference might be attributed to the fact that
COVID-19-induced ARDS is pathophysiologically different from ARDS, and has more common elements with neonatal
respiratory distress syndrome. Therefore, novel treatments leveraging surfactant beneficial effects should be
investigated.442

Ion and Water Transport
It appears that SARS-CoV-2 negatively regulates Na, K-ATPase, disturbing the alveolar epithelial barrier, and promoting
alveolar fluid collection. Inhibitors of Na, K-ATPase might be a beneficial therapeutic target for COVID-19-induced
ARDS patients.443 The possibility of using AQPs as pharmacological treatment in COVID-19 is discussed in a recently
published article. The authors propose that therapies based on AQP function in fluid transport and edema clearance could
be used in order to eliminate the inflammation-induced symptomatology in COVID-19.444

Table 2 provides the major findings of the studies on the lung injury mechanisms discussed in the clinical studies
presented.

Emerging Techniques in Lung Injury
The most common treatment strategies for ARDS are mainly pressure- and volume-limited ventilation, higher PEEP, and
prone positioning for the most severe cases of ARDS, with no effective pharmacological therapy. Thus, there is an
imperative need to identify new biomarkers, including genetic factors, which may help stratify ICU patients at risk,
predict their prognosis, and, possibly, serve as more specific therapeutic targets. With the progression of molecular
biology and bioinformatics, omics research methods have been applied to ARDS research, including genomics,
transcriptomics, proteomics, and metabolomics. Figure 2 summarizes these techniques.

Genomics – Measuring DNA Variation
Apart from the molecular pathophysiology of lung inflammation, genomic approaches applicable to lung inflammation
and injury are still on the rise. The focus of most genetic studies to date has been the identification of inherited gene risk
variants involved in the immune response, vascular permeability and metabolism, coagulation, oxidative stress response,
and cell development.445 The following genomic approaches have been applied to experimental lung injury models and
ARDS.

Candidate-Gene Association Studies
These studies aim to investigate the association between genetic variants of genes of interest and the disease. The main
disadvantages of candidate-gene association studies are the lack of reproducibility and the difficulty in interpreting their
findings.

Genome-Wide Association Studies (GWAS)
GWAS explore the association between genetic polymorphisms across the genome and the disease. GWAS have been
proven useful in the identification of numerous new disease genes. However, the application of GWAS to ARDS and lung
injury has been limited.446–449

Whole-Exome Sequencing (WES) and Whole-Genome Sequencing
WES identifies the association between genetic variants across the exome and the disease, whereas whole-genome
sequencing, identifies the association between genetic variants across the genome and the disease. Whole-exome and
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Table 2 Major Aspects of the Lung Injury Mechanisms in Clinical Studies

Lung Injury
Mechanisms

Clinical Studies

ARDS Sepsis I/R Smoke Acid Radiation TRALI Influenza S. pneumoniae Coronavirus

Oxidative
Stress

Increased NADPH

oxidases
Increased ROS

production17,327–329

NFE2L2

variants351
– Increased

NADPH
oxidases

Increased ROS

production371,372

- - Increased

NADPH
oxidases

Increased ROS

production383

Increased

NADPH
oxidases

Increased

ROS
production386

Differential

expression of
NADPH

genes397

Increased

NADPH oxidases
Increased ROS

production409–415

NETs Increased NET
formation330–332

Increased NET
formation105,352

Increased NET
formation140

- Increased
NET

formation192

- Increased NET
formation224,231

Increased
NET

formation and

NETosis
markers387,388

Increased NET
formation and

NETosis

markers331

Increased NET
formation and

NETosis

markers416–431

MAPK
Pathways

Activated MAPK

pathways333,334
Activated

MAPK

pathways353

- Activated MAPK

pathways373
- - - - - Activated MAPK

pathways432–436

Surfactant Surfactant

impairment60,335–340
Surfactant

impairment354–

356

Surfactant

impairment364–

368

Surfactant

impairment374
- - Surfactant

impairment384
Genetic

variants in SP-
genes (SP-A2,

SP-B, SP-

D)389–392

Genetic variants

in SP-genes
(SP-D)398,399

Surfactant

impairment437–442

Ion &
Water
Transport

AQP5 SNPs341–344 AQP1 & 5

SNPs357–360
Increased

permeability369
- - - - - - Altered

expression and
function of

AQPS & ion

channels443,444

Note: Superscript numbers represent the cited references.
Abbreviations: AQPs, aquaporins; I/R, ischemia/reperfusion; MAPK, mitogen activated protein kinase; NADPH, nicotinamide adenine dinucleotide phosphate; NETs, neutrophil extracellular traps; ROS, reactive oxygen species; SNPs,
single nucleotide polymorphisms; S. pneumonia, Streptococcus pneumoniae; SP-genes, surfactant-protein genes; TRALI, transfusion-related acute lung injury; VILI, ventilator-induced lung injury.
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whole-genome sequencing studies are becoming key approaches to elucidate the genetic variants involved in
ARDS.450,451 A recent bioinformatics analysis identified 201 ARDS candidate genes involved mainly in inflammatory
pathways, innate immunity, and endothelial vascular signaling pathways.452

Over 80 selected genes have been associated with ARDS risk or outcome since 2000. The genes were identified
through a candidate gene approach,347,453 whole-genome genotyping,447 and whole-exome sequencing.451 The most
commonly detected genetic variants for ARDS risk involve polymorphisms of genes encoding pro- and anti-
inflammatory cytokines, vascular injury markers, innate immunity pathway members, and markers of respiratory
epithelial injury.454

The review by Giannini and Meyer discusses the latest advances in lung injury/ARDS genomics.455

Transcriptomics –Measuring RNA Expression
Transcriptomics is used to assess alterations in gene expression and biological pathways in disease states, focusing on
particular targets or using array or sequencing-based approaches. Most studies to date correspond to animal models,
however there are few transcriptomic analyses in ARDS patients.347,456,457

Transcriptomes were first characterized using microarrays, while RNA sequencing was introduced following the
arrival of next-generation sequencing (NGS). Circular RNAs (circRNAs) and microRNAs (miRNAs), types of non-
coding RNA (ncRNA) molecules, regulate gene expression at both transcriptional and post-transcriptional levels. Hence,
the ncRNAs could serve as therapeutic targets, biomarkers, or provide insight to the better understanding of ARDS
pathogenesis. Transcriptome sequencing has revealed differential expression of micro and circular RNAs in ALI/
ARDS.458,459

Single Cell Sequencing
Single-cell RNA sequencing (scRNA-seq) is applied to individual cells with optimized NGS technologies, thus finding
cellular differences in more detail, and providing a better understanding of the function of an individual cell in the
context of its microenvironment. scRNA-seq facilitates the assessment of complex cellular dynamics. The previously
used bulk RNA sequencing provided limited insights into disease. In contrast, scRNA-seq can examine diseases
including ARDS at a higher resolution.460–462

Transcriptome-Wide Association Studies (TWAS)
TWAS investigate the associations between genetically regulated gene expression and diseases. Grigoryev et al were the
first to apply an expression-based genome-wide association study (eGWAS) in ARDS, by utilizing more than 120
publicly available microarray samples of ARDS, and also discovered 14 new candidate genes associated with ARDS.

Figure 2 Emerging techniques in lung injury. The application of emerging high throughput techniques that analyze DNA (genomics) and its modifications (epigenomics), RNA
(transcriptomics), proteins (proteomics), metabolites (metabolomics), microbiomes (metagenomics), and systems (multiomics) could provide important information for the
stratification of critically ill patients, in terms of risk evaluation, prognosis prediction, and guidance for novel therapeutic approaches.
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The authors proposed that the study of the new candidate genes could help identify mechanisms triggered by ARDS that
are evolutionarily conserved.463

Epigenomics – Measuring DNA Alterations
Epigenomics explores the processes in which gene activity is changed without alteration of its DNA sequence. In the
context of lung injury/ARDS, mainly DNA methylation has been studied. Over 40,000 DNA methylation alterations, and
29 different mRNAs have been found between ARDS and healthy controls. Thirty (30) DNA methylation sites were
related to the imbalance of inflammation, immunity, endothelial function, epithelial function and/or coagulation.464 The
DNA methylation sites may be potentially used to improve the therapeutic management of ARDS. It is still unknown
whether epigenetic modifications can influence disease susceptibility or outcome.

Proteomics – Measuring Protein Expression
Proteomics captures all the proteins expressed in an organism, including isoforms and post-translational modifications.
The identification of differentially expressed proteins can help us comprehend the protein changes that occur during
disease, find out the key targets, and study the corresponding genes and metabolites, hence aiding in exploring the
pathogenesis, early diagnosis and treatment of the disease. Proteomics is becoming an essential tool in the study of
ARDS, since it has the potential to identify key pathways and novel drug targets. A recent review summarized the
advances in the application of proteomics to ARDS.465

Metabolomics – Measuring Metabolite Levels
Metabolomics measures the amount of metabolites present in biological samples. Metabolomics in the context of lung
injury has revealed various metabolite mediators associated with lung injury and repair.270,466,467

Metagenomics – Measuring Microbial Composition
Metagenomics is an emerging and essential research and diagnostic tool for infectious diseases. This –omics technology
is used to assess the collective microbial composition of samples from genomic data; metagenomic next-generation
sequencing (mNGS) can rapidly detect pathogens for infectious diseases in different samples at once.468,469 mNGS
technology has been used in ARDS patients with pneumonia for the rapid identification of pathogens.470 It has been
proposed that mNGS can determine the type of microbial infection in patients with ARDS caused by severe pneumonia;
this could potentially improve the diagnostic accuracy and prognosis.471

Multiomics
Omics data from genomics, transcriptomics, DNA methylation data, and proteomics were used to identify early and
intermediate biomarkers for ARDS mortality. Available “omics” data identified a set of 9 genes that could differentiate
ARDS survivors and non-survivors.472

Conclusions
In this review, we described a number of selected lung injury mechanisms in experimental and clinical lung injury/acute
lung inflammation. We selected the major lung injury models that can lead to ARDS, including ventilation-induced lung
injury (VILI), sepsis, ischemia/reperfusion, smoke, acid aspiration, radiation, transfusion-related acute lung injury
(TRALI), influenza and S. pneumoniae infection, and then described emerging pathological mechanisms that contribute
to acute lung inflammation, including oxidative stress, neutrophil extracellular traps, mitogen-activated protein kinase
(MAPK) pathways, surfactant, and water and ion channels. We also explored whether these mechanisms are clinically
relevant. In addition, we examined the abovementioned mechanisms in the pandemics caused by coronaviruses at both
experimental and clinical levels.

The lack of successful pharmacological treatments in ARDS has emphasized the need for biomarkers predicting
ARDS mortality and for novel therapeutics to reduce ARDS mortality. ARDS is a complex syndrome that will definitely
benefit from the application of high throughput technologies. Future studies employing high throughput approaches to
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assay DNA, RNA, proteins, metabolites, microbiomes, and systems will help identify biomarkers to improve the
prognosis of ARDS patients, and to find more effective treatments, and diagnostic methods. There is no doubt that the
use of the emerging –omics technologies in future studies will help in the better stratification of ICU patients.
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